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Abstract 
 
This  report documents the procedure and findings of an  economic  feasibility  study for a 
trigeneration system at Murdoch University  that was performed in accordance with the 
requirements of an Internship with MTU Detroit Diesel Australia. The system could be used for 
power generation, space cooling and heating and extends to the possibility of selling waste 
energy to Saint John of God Hospital. 
 
Specific components and locations were selected as the basis of the feasibility study. 
Predictions for the cost of energy and carbon credits were varied to determine the effect on 
economic feasibility. 
 
The natural gas fueled 20 cylinder reciprocating engine provided by MTU Detroit Diesel 
Australia would run at a constant output of 2145kWe to provide 75% of Murdoch University’s 
electricity needs. The heat from the exhaust would be fed directly to an absorption chiller. The 
jacket water from the engine would be sold to Saint John of God Hospital for a cost. 
 
The absorption chiller provided by Broad would be used to provide an extra 1745kWr capacity 
to Murdoch University’s existing chilled water pipe circuit. At the estimated time of installation, 
this would bring the chilled water capacity at Murdoch University up by 15% to 11700kWr. 
 
The jacket water would be pumped under Murdoch Drive to Saint John of God Hospital to 
provide all space heating requirements amounting to 7TJ per year. 
 
The results of the feasibility study indicate that the proposed system would pay for itself in nine 
years. 3.6 million dollars would be saved over the estimated 25 year life time of the project 
when compared to the current system. The predictions for the cost of energy over the next 
decade would have a significant effect on payback period. Collection of reliable energy rate 
predictions is the next step in creating a more accurate feasibility study. A detailed risk analysis 
is also required.    
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List of Abbreviations 
 
MTUDDA -       MTU Detroit Diesel Australia 
Murdoch University -     Murdoch University South Street Campus 
 Proposed System -   The proposed gas reciprocating engine cogeneration setup 
including the use of absorption chillers and a waste heat 
pipeline 
 Base System -   The setup at Murdoch University using electricity supplied from 
the South West Interconnected System without any 
cogeneration setup 
 genset -   A natural gas reciprocating engine coupled with a 3 phase 
electrical generator. The genset is made by MTU - Specific 
models are specified in context 
 Absorption Chiller -   An industrial absorption chiller made by Broad - Specific models 
are specified in context 
 Chiller -   Any of the conventional electrical chillers used at Murdoch 
University 
 Feasibility Study Program-   The program made in Microsoft Excel to assess the feasibility of 
the proposed gas reciprocating engine cogeneration system at 
Murdoch University 
 SWIS -   The South West Interconnected System - An electrical 
transmission and distribution network used to provide power 
to residential and commercial customers in the south western 
part of Western Australia 
 waste heat load -   the demand for waste heat from the genset being sold to an 
external entity 
 Wood & Grieves Report -   A report created for Murdoch University’s Office of Commercial 
Services about the chilled water system at Murdoch and the 
proposal for two new electrical chillers (1) 
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1  Introduction 
This report examines the main project undertaken during an internship with MTU Detroit 
Diesel Australia. The internship is used as a mechanism to replace the requirement of a final 
year Electrical Power Engineering thesis project. The main project is the investigation of the 
economic feasibility of using a cogeneration system situated at Murdoch University. 
 
Cogeneration systems are used in place of conventional power generation systems because, by 
nature, they have higher energy efficiency. Large scale combined cycle power generation has 
been proven as an effective method of increasing efficiency. Smaller scale cogeneration 
systems can be very efficient in extreme climate conditions where there is a strong demand for 
heat or cooling. The feasibility of small scale cogeneration systems in the comfortable climate 
of Western Australia has not yet been proven. 
 
Cogeneration systems can be set  up in a variety of ways. The system under investigation 
involves a natural gas fueled reciprocating engine attached to an electrical generator. This 
genset would be used to provide power for Murdoch University and to export power to the 
electrical grid in Western Australia (the SWIS). The second energy source from the system 
comes from the extreme heat in the engine’s exhaust system that is usually wasted. This heat 
source would be harnessed to provide input for an absorption chiller so that chilled water could 
be supplied to Murdoch University with essentially no additional energy cost. The third energy 
source from the system comes from the cooling water circuit in the engine block. This heat 
source could be used to provide the domestic hot water needs for Murdoch University and the 
space heating and domestic hot water needs for Saint John of God Hospital at no additional 
fuel cost and minimal additional electricity cost. The proposed system  would dramatically 
reduce the natural gas supply needs at Saint John of God Hospital. The use of this kind of 
cogeneration system can potentially dramatically reduce the ongoing electricity costs of any 
business. The burning of natural gas emits far less carbon dioxide than coal. Since natural gas is 
the sole fuel source for the system, a reduction in carbon emissions is assured.  
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1.1  Aim 
The economic feasibility study is based on a comparison between the proposed system (the 
Proposed System) and the electrical costs for the system currently in use at Murdoch University 
(the Base System). Emissions are explicitly considered as part of the economic feasibility 
analysis  because Australia’s commitment to the Kyoto Protocol has intertwined reduced 
emissions and economic savings.  
 
This report should not be used as a definite or final feasibility indication. An effort has been 
made to point out all assumptions that affect the outcome of the feasibility study. Additional 
complications could arise if further investigations into these assumptions were to take place. 
Many assumptions made in the report should be investigated in more detail but these 
investigations are outside the scope of this report.  
 
This report outlines some key points that should be considered for future investigations into 
the proposed system. It also documents the significance of the feasibility study to MTU Detroit 
Diesel Australia. 
1.2  Project Procedure 
This report contains relevant background information relating  the different aspects of the 
project in the form of a literature review. A summary of the configuration of the Base Case is 
provided. The rest of the report is split into three sections. The Initial Investigation contains 
results used to determine whether a more detailed investigation should be carried out. The 
detailed investigation contains various options to determine the best configuration of the 
Proposed System. It aims to give a reliable initial indication of the degree of feasibility. The 
Additional Considerations section contains suggestions for aspects of the Proposed System that 
could be changed to increase the economic feasibility of the system. 
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2  Setup at Murdoch University 
Murdoch University  currently buys 99%  of its electrical power  from Synergy. A 24kW 
photovoltaic array on the roof of the library provides the last one percent. There are several 
small scale experimental renewable energy related machines at the campus that produce 
power. These machines are not connected to the main electrical grid at Murdoch. 
 
Murdoch University has four chillers used to provide chilled water for climate control. There 
are two maintenance air cooled chillers that  have a combined capacity of 2200kWr. A 
centrifugal liquid cooled chiller near the veterinary clinic has a capacity of 2200kW. The last 
chiller, situated to the south east of the North Wing of the Library has a capacity of 2500kWr. A 
new chiller with a capacity of 4400kWr is currently being installed near the library chiller plant. 
This chiller should be operational by the end of 2010 (1). The total capacity of the system will 
be 11300kWr when the chiller installation is complete. All chillers, including the one being 
installed, are connected to a common chilled water circuit. 
 
An ice farm was installed adjacent to the vet plant room. An ice farm is a set of large tanks that 
store chilled glycol over night. The use of the ice farm allows the vet chiller plant to be run at 
night time to take advantage of off peak electrical charges. The ice farm has a capacity of 
10,000kWh. A report created by Wood and Grieve Engineers entitled “South Street Campus 
Central Chilled Water System” (the Wood & Grieves Report) states that the ice farm is far too 
small to be useful for the needs of the entire campus and that the tanks are overdue for 
replacement (2). The ice farm was commissioned in 1991.  
 
Murdoch University currently uses nine boilers that are fed by natural gas. Seven of these 
boilers are used for space heating. One boiler is used for domestic hot water needs and the last 
boiler is used for industrial processes in the glass house. Some ratings for these boilers are 
shown in Table   2.1. Some values could not be obtained because the boiler itself could not be 
found and because the name plate value could not be read. 
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Boiler Location:  Used For:  Rating (GJ/h) 
Amenities  hot water  0.080 
Economics Commerce and Law  space heating  unknown 
Loneragen  space heating  1.512 
Library  space heating  1.688 
Education and Humanities  space heating  2.092 
Glass House  industrial processes  0.188 
IDDD  space heating  unknown 
IDDD  space heating  unknown 
IDDD  space heating  unknown 
Table   2.1 - Murdoch University Boilers 
Murdoch University uses many small hot water systems to provide hot water to individual 
buildings. Murdoch does not use any large domestic hot water pipe networks. The student 
village gas consumption uses the same supply line so the total gas usage at Murdoch University 
includes the gas used at the student village. 
A map of Murdoch University’s South Street Campus is shown in Figure   2.1 (3), (4). This figure 
includes the 22kV ring cable, the locations of the large boilers, and the existing chilled water 
pipe network. It should be noted that the chilled water pipe network will not look exactly the 
same as it does in the figure because it is currently being upgraded. 
 
Figure   2.1 - Murdoch University South Street Campus  
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3  Review of Literature 
The intern used much of the following background information to become familiar with the 
technologies and investigative methods that are commonly applied to feasibility studies of 
cogeneration systems. A summary of the key points of the relevant literature is presented for 
the benefit of the readers understanding. It should be noted that some of the background 
information was obtained from internal documents at MTUDDA and Murdoch University that 
are not publicly available. 
3.1  MTU Detroit Diesel Australia 
Background information about the natural gas branch of MTUDDA was obtained. This 
information helped in constructing an outline of the project, the main aims for the project and 
the possibility of finding similar projects that had been previously carried out by the company. 
A brief company profile taken from the company website is provided below for the benefit of 
the reader.  
 
“MTU Detroit Diesel Australia (MTUDDA) operates independently under a 50/50 joint 
venture between Tognum AG and Daimler AG. 
Tognum AG is the German owned holding company of MTU, a leading global 
manufacturer of large diesel engines and complete drive systems for marine, 
military, heavy vehicles, power generation and rail road applications. 
Daimler AG the giant car manufacturer of Mercedes Benz is the parent company of 
Detroit Diesel Corp, the United States manufacturer of diesel engines that power 
Freightliner, Sterling and Western Star trucks.” (5) 
Some of the main characteristics of the MTU Onsite Energy branch of the company taken from 
a presentation created by Oliver Scholz, “Gas Power Systems” (6) are presented below. 
 
•  MTU was founded in 1977. It became MTU Onsite Energy GmbH in September 2008. 
•  MTU Onsite Energy has sold more than 4000 gas engines and more than 2200 
cogeneration modules worldwide. None of which have been installed in Western Australia. 
•  The large 4000 series gas engines come in sizes between 8 and 20 cylinders with power 
output between 849kWe and 2145kWe. A smaller 400 series is also offered. 
•  Gensets can run on natural and biogas, sewage and landfill gas. 
•  Gensets with heat recovery are available with jacket water heat recovery or complete heat 
recovery.  
6 
 
3.2  Co-Generation and Feasibility 
The different common types of decentralized cogeneration systems were investigated because 
general background information was considered beneficial. The book “Combined Heating, 
Cooling and Power Handbook: Technologies and Applications” by Neil Petchers was used as the 
main source of background research. Some of the main points are shown below. 
•  Power is generally produced by application of prime movers such as reciprocating engines, 
combustion gas turbine engines and steam turbine engines. 
•  In the topping cycle, a high temperature working fluid is used to generate power and then 
heat is recovered. 
•  In the bottoming cycle a high temperature working fluid is used as a heat source and the 
recovered heat is used to generate power. 
•  If thermal energy requirements are  taken into account, decentralized cogeneration 
systems are more efficient than centralized power generation utilities. 
 
An understanding of some common aspects for determining feasibility in cogeneration systems 
is essential to manage time effectively. A lot of time needs to be invested in the important 
aspects of the project and less important aspects should be investigated afterwards. It was 
attempted to source feasibility studies for reciprocating engines in climates similar to that of 
Perth, Western Australia. It quickly became apparent that these systems are hard to come by. 
Some points outlined in Combined Heating, Cooling and Power Handbook: Technologies and 
Applications (7) are shown below. 
 
•  Economic feasibility studies for reciprocating engines should be based on life cycle cost 
benefit analyses. 
•  The thermal efficiency, electrical efficiency and equivalent cost of electricity are some of 
the main parameters in such a study. 
•  The dynamic energy market is an important consideration. 
3.3  Reciprocating Natural Gas Engines 
A detailed understanding of the principles of operation for a natural gas reciprocating engine 
was considered essential background information. Research into the nature of a natural gas 
reciprocating engine mainly consisted of the study of documents provided by MTUDDA. A brief  
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summary of the fundamental operating principles of a natural gas reciprocating engine and 
comparison with similar engines taken from an MTU Onsite Energy presentation (8) is provided 
as follows.  
 
•  Natural gas reciprocating engines are similar in design to the reciprocating diesel 
engines that can be found in standalone power systems or backup power supplies.  
•  Some of the same components can be used for both types of engine. The main design 
changes relate to a separate principle of operation for natural gas and diesel engines.  
•  An engine fed by natural gas works on the gas Otto process and an engine fed by diesel 
works on the diesel process. Natural gas requires a spark ignition for combustion 
whereas diesel is ignited by heat of compression.  
3.4  Absorption Chillers 
Absorption chillers were investigated so that their main operating characteristics could be 
discovered. The principle of operation for an absorption chiller is outlined below. These main 
points were taken from “The User’s Guide to Natural Gas Technologies” (9). 
 
•  A lithium bromide solution is sprayed into an absorber vessel which is connected to the 
evaporator. 
•  The lithium bromide solution “pulls” the moisture out of the air in the absorber vessel 
which causes a vacuum which in turn causes the refrigerant water to boil at a lower 
temperature. 
•  A portion of the resulting dilute lithium bromide solution is pumped to a generator vessel 
where it is heated to boil or distilled out of the water. 
•  After separation, the two streams are cooled with the condenser water and pumped to 
the absorber vessel. 
 
Characteristics were investigated in order to determine the effect of introducing an absorption 
chiller to a system that uses conventional (mostly centrifugal type) chillers. The main 
differences between an absorption chiller and a conventional chiller, taken from “The User’s 
Guide to Natural Gas Technologies” (10) are listed below. 
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•  A strong heat source is used to produce an evaporation/condensing cycle; the heat may be 
from natural gas, steam or exhaust gasses 
•  noise outputs are minimal (except from exhaust if exhaust gasses are used for the heat 
source) 
•  higher front end cost than conventional chillers 
•  Absorbent and refrigerants are non toxic 
•  lower ongoing costs than conventional chillers 
3.5  Chilled Water Diversity Factor 
For the purpose of the feasibility study, the diversity factor was used to determine the range of 
absorption chiller sizes that could be installed at Murdoch University. A definition of the use of 
the diversity factor in the context of chilled water at Murdoch University, taken from a Wood & 
Grieve Engineering report (11) is as follows. 
 
“The relationship between chilled water generating capacity and sum of the cooling coil design loads is 
represented by a diversity factor, which is determined by dividing generating capacity by load and is 
expressed as a number less than 1.0.” 
 
3.6  Carbon Trading 
A background on carbon trading and predictions for the mechanisms that will be used for 
carbon trading over the lifetime of the project are essential to the feasibility study because 
carbon trading plays a major role in the determination of the payback period. A brief 
background on carbon trading is provided for the benefit of the reader. 
 
Carbon trading is an administrative method of controlling carbon dioxide equivalent (CO2-e) 
emissions around the world. The principle is that businesses that produce a large amount of 
emissions must account for their emissions each year. A limit for total emissions must be 
adhered to. Carbon credits, which represent a fixed amount of carbon, can be traded at market 
value in order to stay below the limit. 
 
The “CO2-e” value is used as a common unit for carbon trading. For example, if 1 ton of a 
particular chemical has the same effect on global warming as 10 tons of carbon then if one ton 
of the chemical is emitted to the atmosphere, it has a CO2-e value of 10 tons. 
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Information regarding carbon emissions in Australia was taken from “Carbon Pollution 
Reduction Scheme - Australia’s Low Pollution Future” otherwise known as the “White Paper”. If 
the bill is passed, the Carbon Pollution Reduction Scheme (CPRS) will come into effect in July 
2011. The White paper is a comprehensive outline of the structure of the CPRS. The following 
summary points taken from a Wikipedia article are made (12). 
•  A modeled carbon price range of 20AUD to 40AUD per ton of carbon. 
•  4.8AUD  billion of assistance (in the form of free permits) for the most polluting 
electricity generators. 
•  Financial assistance to compensate low and middle income families from increased 
costs. 
•  Free permits to emissions-intensive, trade-exposed businesses - such as aluminium 
producers, iron and steel makers, petrol refiners and LNG producers, initially totaling 
25% to 33% of permits and rising to 45% by 2020. 
•  There will be a price cap on emissions, that will start at 40AUD per ton of carbon 
dioxide equivalent. 
•  Reforestation can count as carbon credit, but deforestation and forest degradation do 
not count as a liability. 
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4  System Configuration 
All initial investigation results and detailed investigation results are based on a theoretical 
system configuration outlined below. Changes to this configuration will affect the results. The 
system configuration was determined based on the idea of minimizing the initial costs while 
being able to supply sufficient energy to the three loads. The following configuration was 
decided upon after meeting with Brett Grieves from Aecom Engineering and discussing the idea 
with Poh Meng Yeo from MTUDDA. 
 
It was decided to investigate a system that uses a jacket water heat recovery system to export 
waste heat to Saint John of God Hospital. A heat exchanger is used with the output hot water 
being pumped underground to Saint John of God Hospital. The exhaust from the genset would 
be used to directly provide an energy input for the absorption chiller. These two heat recovery 
circuits would be completely independent to minimize equipment needs. However it may be 
worth investigating more complex configurations in future. The basic layout of the system is 
shown in Figure   4.1. 
 
Genset
Absorption Chiller
11kV 22kV
To Saint John of God Hospital
Exhaust
Gas Line
Chilled Water
In
Out
In
Out
Evaporative Cooler
LV Switch Board
HV Switch Board
 
Figure 4.1 - System Configuration 
The transformer and high voltage switchboard arrangement depend on the location of the 
genset and the voltages at the point of interconnection. More information on the different 
voltage options can be found in section   6.2.  
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5  Initial Investigation 
The purpose of the initial investigation is to quickly  determine whether a more detailed 
investigation should be carried out. The initial investigation gives a sense of perspective for the 
size and requirements of components. 
 
The initial investigation uses a rough set of calculations and research that only relates to the 
main costs of the system such as component costs, installation costs, interconnection fees, and 
procurement costs. The initial investigation is split into load section, the component sizing 
section, the initial costs section,  the ongoing costs section and the “back of the envelope 
calculations” section. Each section is outlined below. The reader should note that sections are 
not shown in  strict  chronological order because there were waiting periods to obtain 
information about the loads or the components. Multiple tasks were performed during these 
waiting periods. 
5.1  Loads 
The three loads being considered are the electrical load and chilled water load at Murdoch 
University and the heated water load at Saint John of God Hospital. For simplicity it is assumed 
that all the waste heat demand resides at Saint John of God Hospital. The initial investigation 
does not include specific component selection or sizing since accuracy is not the main concern. 
5.1.1  Murdoch University Electrical Load 
Lyndelle Perpoli from Murdoch University provided an electrical load profile for the campus. 
The load profile showed total electrical energy consumption each month from January 2007 to 
August 2009 and the electricity rates. The total energy consumption each month between 
January 2007 and August 2009 is shown in Figure   5.1.  
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Figure 5.1 - Murdoch University Average Monthly Energy Consumption 
The average load between August 2008 and August 2009 was 2.7MW. The total power 
consumption between August 2008 and August 2009 was 23.4GWh. The highest electrical load 
over a month between August 2008 and August 2009 was 2.17GWh in March 2009. The lowest 
electrical load monthly average between August 2008 and August 2009 was 1.7GWh in 
December 2008. Additional electrical load information can be found in   Appendix A. 
5.1.2  Murdoch University Chilled Water Load 
An indication of the energy needed for the chilled water load at  Murdoch University was 
needed so that an estimate for the electrical savings for the proposed case could be made. 
Records of the chiller electrical consumption or chilled water load do not exist. For the purpose 
of the initial investigation an estimate was made for the equivalent number of hours that the 
absorption chiller would run at rated output. This estimate was based on the system diversity 
factor.  Another estimate was made for the electrical input  of an equivalent conventional 
centrifugal chiller. Both estimates are discussed in detail in section   5.2.2.  These estimates 
perform the same function as a chilled water load profile or chiller electrical load profile. 
5.1.3  Saint John of God Hospital Waste Heat Load 
Saint John of God Hospital was contacted over the phone  to find out if they  would be 
interested in the proposal. They stated that Saint John of God Hospital is interested in any 
proposal to reduce their gas costs.  
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The head engineer, Dean Lavers stated that Saint John of God Hospital annually uses 26TJ of 
natural gas, 4.7TJ of which is for hot water needs. The hot water needs can be considered 
almost constant throughout the year. Between 2kL and 4kL of water are used every hour. 
5.2  Component Sizing 
The components were sized using generally optimistic assumptions. This method was used so 
that the possibility of the proposed case being completely infeasible could be ruled out. A more 
realistic situation was examined in the detailed investigation. The components were sized using 
the estimates for demand stated in section   5.1. More detailed component sizing where specific 
models are chosen was performed in the detailed investigation section. 
5.2.1  Genset 
The genset size was determined based on the electrical load at Murdoch University. Since the 
monthly average values for the load were used and the hourly variation could not be 
determined  using  averages, approximations  needed to be made relating to the difference 
between the engine size and the power demand at Murdoch University. The following 
approximations were made in the initial investigation: 
 
•  There is a reasonable electrical demand at night time at Murdoch University. This is a 
valid assumption because computers at Murdoch University are left running overnight. 
Other loads such as the vet farm chiller are also run at night time. 
•  The gas engine does not export electricity to the SWIS. This is a valid approximation if 
the engine size is chosen to be much lower than the average monthly electricity 
demand. 
•  The engine would run for 95% of the time at rated output. This is a valid approximation 
since reciprocating natural gas engines run best at rated output. As advised by Trevor 
Prior, maintenance time contributes to a 5% loss of supply for small diesel engines. It 
was assumed that this figure would not differ greatly for natural gas engines. 
 
A rough proposal for engine size was determined as 2000kWe.  
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5.2.2  Chiller 
The chiller was sized based on the chilled water demand at Murdoch University at an estimated 
time of installation. The chilled water demand is based on the system diversity factor. As stated 
in the Wood & Grieves Report (13), the optimum system diversity factor is 0.8. At this level the 
system could maintain the water temperature through a typical summer heat wave even while 
operating at 75% capacity. There would also be enough spare capacity to survive a breakdown.  
 
The increase in chilled water demand was predicted in the Wood & Grieves Report (1). The 
chilled water prediction for the end of 2010 just after the installation of the new 4400kWr 
chiller was used since a date in the near future gives the most accurate predictions. The report 
states that after the installation of the chiller, the total chiller capacity will be 11372kWr and 
the system diversity factor will be 0.7. 
 
The installation of a chiller with a rating of 1700kWr at the end of 2010 would lead to a total 
capacity of 13072kWr and a diversity factor of 0.81. The proposed system could not become 
operational before the beginning of 2010 and it is unlikely that it could be completed within 
2010. This puts a lower limit of about 1700kWr on the optimum absorption chiller size that 
could be used. If the engine were to be installed at a much later date, a larger absorption chiller 
could be used. Calculations can be found in appendix B. 
 
The equivalent number of hours of operation at rated output for a 1700kWr chiller was 
estimated. This value was used in conjunction with the electrical input of a conventional chiller 
with a 1700kWr output. The following assumptions were made when making these estimates: 
 
•  It was assumed  that the absorption chiller would be used as the base chiller at 
Murdoch University. This means it will be the first to turn on and the last to turn off 
out of all the chillers. This assumption is valid because Murdoch University has a 
common chilled water circuit for all chillers and an absorption chiller requires minimal 
electrical power. It is logical that it should be used as often as possible. 
•  The absorption chiller was estimated to operate at 50% full output with  95% 
availability. The availability  figure is caused by the fact that the absorption chiller 
cannot run when the genset is turned off.   
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•  An electrical efficiency of 0.5kWe per refrigeration ton of capacity was used as an 
approximation for the chiller efficiency at Murdoch. This figure was taken from the 
Trane chiller website (14). 
 
The total number of hours at rated output was estimated at 4161 hours per year. The average 
electrical input over the year for a 1700kWr absorption chiller was calculated at a constant 
115kW. The equivalent electrical input power at rated output is 242kW. It should be noted 
that at this point in the investigation, the equivalent electrical input for the absorption chiller is 
the least precise estimate. Equivalent electrical input calculations can be found in Appendix B. 
5.3  25BInitial Costs 
The initial costs were estimated based on advice from Brett Grieves. Mr Grieves is a mechanical 
engineer at Aecom Engineering. Aecom Engineering is working on a 2MWe diesel system to be 
used as backup power at Fiona Stanley Hospital. For the purpose of the initial investigation a 
rough estimate for initial costs of 5,000,000AUD was used. This figure includes the cost of all 
equipment, procurement and installation. It should be stressed that this figure is a very rough 
initial figure used as a starting point.  The detailed investigation addresses the specific 
component costs, installation costs and interconnection fees. 
5.4  26BOngoing Costs 
The ongoing costs for the maintenance of the gas engine are 1.2c per kWh according to Poh 
Meng Yeo of MTUDDA. The maintenance costs for all components except the genset are 
assumed to be insignificant. This assumption is valid because there are no moving parts in any 
components except for the gas engine itself and the electrical pumps which require very little 
maintenance. The ongoing gas costs were calculated from the gas bill at Murdoch University 
from the average cost between January 2009 and July 2009. The average value is 13.49AUD/GJ. 
This time period was used to avoid the high gas prices during the previous year caused by the 
Varanus Island gas  incident. The ongoing electrical costs were calculated using the same 
method. The average value is 12.25c AUD/kWh. Calculations for these averages can be found in 
Appendix A.  
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5.5  Back of the Envelope Calculations 
The back of the envelope calculations use all parameters outlined in section   5.1 to section   5.4 
in order to quantify the payback period for the proposed system. These calculations do not 
take the following factors into account: 
 
•  Parasitic energy losses such as water pumps 
•  Capacity credit awarded to the system 
•  Pipe efficiency (energy losses from insulation of the water pipes) 
•  Changes to electricity prices in the future 
•  Changes to natural gas prices in the future 
•  Incorporation of carbon trading 
 
There are two situations outlined below. The first situation assumes that the waste heat is used 
for the hot water needs at Saint John of God Hospital. The second situation assumes that 75% 
of the jacket water waste heat is utilized. This represents a “Best Case Scenario”. The value of 
75% is an estimated maximum average value over a one year period. 
 
Figure   5.2 shows the comparison between the base case and the proposed system when the 
waste heat is used to provide the heated water needs of Saint John of God Hospital. The total 
amount of money in AUD spent over 25 years is displayed. 
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Figure 5.2 - Comparison Using Hot Water Demand for Wate Heat 
Figure   5.3 shows the comparison between the base case and the proposed system when the 
waste heat is used to provide the heated water needs of Saint John of God Hospital. The total 
amount of money in AUD spent over 25 years is displayed. By comparing figures, it can be seen 
that the payback period would be approximately 4.5 years less than the payback period of the 
first situation. 
 
 
Figure 5.3 - Comparison Using Total Demand for Waste Heat 
It should be noted that discount rates were not taken into account so the values shown in the 
two previous figures are indicative of a comparison only and actual payback periods would be 
brought down after present net costs are calculated. Calculations can be found in Appendix F.  
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5.6  Initial Investigation Outcome 
The results of the back of the envelope calculations indicate that the proposed system should 
be investigated in detail. The results also indicate that the system could only be feasible if there 
is a strong demand for at least two out of the three proposed case outputs (electrical power, 
chilled water and heated jacket water). The waste heat demand has a dramatic effect on the 
payback period of the proposed system. The comparison shows that the proposed system will 
pay itself off in approximately eight years if there is a strong demand for heat. The system will 
pay itself off in approximately thirteen years if the hot water demands at Saint John of God 
Hospital are met and there is no other demand for heat.  
 
The system configuration outlined in section 4  seems to be appropriate for  the detailed 
investigation. The waste heat load is much lower than the waste heat output of the engine. 
Additional  complications to the system configuration would be unnecessary because the 
current chilled water demand and hot water demand are substantially lower than the output of 
the engine. 
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6  Detailed Investigation 
The detailed investigation is a separate study carried out after the completion of the initial 
investigation outlined in the previous sections. The detailed investigation aims to provide a 
much more in depth analysis  of the  cogeneration system and determine the optimum 
parameters of the system for financial feasibility. The aspects of the proposed system are 
investigated with financial benefits as the primary deciding factor however an emissions 
analysis is included in the investigation. The detailed investigation comprises: 
 
•  a detailed load investigation 
•  suggestions for potential locations  
•  installation considerations 
•  component sizing and selection including pipe work, cables, pumps and electrical 
components 
•  noise restriction investigation 
•  electrical interconnection to the SWIS 
•  carbon trading investigation and predictions 
•  an initial and ongoing cost summary 
•  an investigation into a custom feasibility study program 
•  outcomes for the most appropriate location 
•  outcomes for the effect of varying parameters on payback period 
6.1  Loads 
The values used for the load calculations were more accurate than the values used in the initial 
investigation. More information relating to the electrical loads, chilled water load and jacket 
water heat load can be found in   Appendix A.  
6.1.1  Murdoch University Electrical Load 
The Murdoch University electrical load was obtained from Synergy. This load profile contained 
hourly values of energy consumption from the beginning of August 2008 to the end of July 
2009. The maximum temperature at Perth airport was taken from the Bureau of Meteorology. 
The maximum and minimum electrical loads and the maximum daily temperature are shown 
in Figure 5.1 for comparison. A graph of the whole load profile can be found in   Appendix A.  
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Figure 6.1 - Murdoch Univeristy Power Consumption 
The hourly power consumption values for Murdoch University show that the electrical load is 
above 2000kW for 90% of the time and below 3850kW for 90% of the time. The highest power 
consumption was 6008kW on the 2
nd of February 2009 at 9:30am. This confirms the validity of 
the approximation used in the initial investigation that the genset load would be consumed 
internally. There is a relationship between an increase in load and temperatures above about 
30°C. The average maximum daily load on week days that have a maximum temperature below 
30°C is 3970kW. This relationship is important in sizing the absorption chiller. The method is 
discussed in detail in section   6.4.2. 
6.1.2  Murdoch University Chilled Water Load 
As stated in section   5.1.2, the chiller load profile for Murdoch University does not exist. The 
option of estimating a load profile was investigated. The following factors would have 
contributed to large inaccuracies in a load profile estimate. 
 
•  The ice farm is used to store the chilled water overnight. For this reason a correlation 
between daily or hourly temperature and electrical load at Murdoch is hard to find. 
•  The two maintenance air cooled chillers can operate on a reverse cycle principle for 
heating purposes. An accurate heating load profile cannot be determined since the 
heating load profile is dependent on the control system for the chillers. 
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•  The library chiller plant is used to maintain a constant temperature in the library all 
year to maintain the books. The heating needs are supplied by a gas burner. For this 
reason a correlation between daily or hourly temperature and electrical load at 
Murdoch is hard to find. 
 
An alternative method of determining the electrical savings was decided upon. The equivalent 
electrical requirement from the proposed absorption chiller method used in the initial 
investigation was expanded upon to form a more detailed estimate. 
 
The estimate in the detailed investigation was based on the following parameters: 
 
•  the maximum daily temperature values for the year which can be found in section   6.1.1,  
•  output of the absorption chiller which can be found in section   6.4.2 
•  the estimate for the efficiency of electrical chillers which was used in the initial 
investigation; calculations for which can be found in Appendix B 
•  a comparison between the hourly electrical load at Murdoch University and the upper 
and lower  limits of the load for the day; calculations for which can be found in 
Appendix C 
•  estimated temperature limits that relate to the insulation efficiency and construction 
properties of buildings at Murdoch University; an explanation of this relationship can be 
found in Appendix C 
 
The electrical load profile was scaled by a different factor every day of the year based on the 
maximum temperature that day. The maximum temperature was compared to a reference 
temperature and a no load temperature.  
 
The reference temperature was chosen so that the absorption chiller would theoretically be 
able to provide cooling to the entire campus if it reached peak output for less than 1 hour of 
the day. It was estimated that this hypothetical situation would occur if the temperature was 
25°C. On days where the maximum temperature was the same as the reference temperature, 
the absorption chiller would be running at rated capacity for 1 hour. On hotter days, the 
absorption chiller would be running at rated capacity for more than 1 hour. The no load  
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temperature is the highest temperature where there would be no chilled water demand. This 
temperature was estimated at 17 degrees. The no load temperature needs to change based on 
the number of consecutive days where the temperature was above or below the no load 
temperature.  
 
The number of hours that the chiller operates at rated capacity depends on an equation 
relating required cooling capacity to ambient temperature. A relationship between the two 
variables was found in the technical specifications of the Broad Absorption Chiller catalogue 
(15) and can be found in Figure   6.2. 
 
Figure 6.2 - Trane Absorption Chiller Capacity vs. Ambient Temperature 
Figure   5.2 shows that if the ambient temperature is 40°C then the effective capacity of a chiller 
is 60% of the capacity at 36°C or if the ambient temperature is 26°C then the effective capacity 
of a chiller is 120% of the capacity at 36°C. In other words, twice the chiller capacity is needed 
for effective temperature control if the temperature is 40°C compared to 26°C. 
 
A lot of time is required to determine accurate values for the reference temperature and no 
load temperature and the influence that consecutive extreme temperatures have on them. For 
this to be a realistic method of computing the chiller demand, the shape of the chiller load 
profile is needed. Since this shape is unavailable, the electrical load profile was used as the best 
approximation. 
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A chiller demand estimate was created using VBA code in Microsoft Excel and this formula was 
implemented into the feasibility study program. Details for the calculations used to create the 
chiller demand estimate can be found in Appendix B. 
 
An estimated equivalent electrical input profile for the 24
th of March to the 31
st of March is 
shown in Figure   6.3. 
 
Figure 6.3 - Absorption Chiller Equivalent Electrical Input 
As expected, the absorption chiller operates at rated output for eight hours during the day with 
the hottest maximum temperature of 36°C. During the day with the maximum temperature of 
25°C the absorption chiller operates at rated output for 1 hour. If the maximum daily 
temperature were to be between 17°C and 25°C then the absorption chiller would be operating 
at less than full load. 
6.1.3  Waste Heat Load 
The option of using the waste heat to reduce the use of natural gas at Murdoch University was 
investigated. The total energy usage from natural gas between the start of August 2008 and the 
end of July 2009 was 23.9TJ. The average monthly gas consumption for Murdoch was obtained 
however records relating to the distribution of gas do not exist. Total monthly gas consumption 
for the student village, tavern, refectory kitchen, ITA centre and rugby club was collected. The 
only exact method of separating hot water systems, stovetops and other small gas outlets from 
the total gas usage at Murdoch University was to deduct the gas consumption for the entities 
mentioned above from the total gas consumption.  
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Eion Allat from Murdoch University stated that the majority of the gas may be consumed by 
the nine boilers although he stressed he was unsure if this was the case. Figure   6.4 shows the 
approximate gas consumption of the boilers between January 2009 and September 2009 based 
on the method noted above. 
 
Figure 6.4 - Murdoch University Approximate Boiler Consumption 
The gas consumption profile follows the annual temperature profile as expected. If the gas 
consumption between October and December is estimated the total consumption over the 
year is approximately 20TJ. This works out to be an average power input of 634kW. If the boiler 
water was preheated using waste heat from the genset substantial cost savings could be made. 
 
The boilers are spread out over the entire campus. If the waste heat from the genset were to 
be used as input to the boilers, a hot water pipe network with an estimated length of 1500m 
would need to be created. Figure   6.5 shows a satellite image of Murdoch University taken from 
Google Earth with the approximate locations of the boilers (3).  
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Figure 6.5 - Boiler Locations at Murdoch University 
The option of providing a preheated water input for the boilers at Murdoch was excluded from 
this feasibility study since a reliable cost estimate for the pipe work would require the use of an 
independent contractor. It should be noted that this option is worth investigating in a future 
study independent of this one. 
As stated in   5.1.3, the total energy usage from natural gas at Saint John of God Hospital is 26TJ 
per year. For the purpose of the detailed investigation a breakdown of this energy usage was 
obtained. This breakdown is shown in Table   6.1 
 
Gas Required for:  Description  Energy Usage (TJ/year) 
Domestic Hot Water  50°C in a single closed loop  4.7 
Steam Sterilizers  individually fueled  14.3 
Space Heating  heated water in a single closed loop  7 
Total 
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Table 6.1 - Gas Usage at Saint John of God Hospital 
Dean Lavers stated that a detailed investigation is being conducted to determine the feasibility 
of the use of solar preheating for the domestic hot water. The waste heat could not be used for 
the sterilizers since the natural gas is supplied directly to each sterilizer. The total likely demand 
for waste heat at Saint John of God Hospital would be 7TJ per year if solar preheating is used or 
11.7TJ per year if solar preheating is not used. An hourly gas usage load profile does not exist 
for Saint John of God Hospital so the peak load cannot be determined. Based on the genset  
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sizing calculations discussed in section   6.4.1 it was decided to reject the idea of estimating the 
load. 
6.2  Location 
The primary deciding factors for the location of the system are the cost of the pipework, 
cabling and installation. After meeting with Peter Carter, the project leader at Murdoch 
University, two locations were suggested. A third location was suggested based on the shortest 
piping distance. Details of the locations are as follows: 
 
•  Location 1 - Directly behind Murdoch College. This location is currently bushland. 
Chilled water lines would have to be extended about 200m x 2 for supply and 
return lines.  The gas line would also run about 200m. The heated water line to 
Saint  John of God Hospital would need to be between 300m and 600m x 2 
depending on the exact point of connection at Saint John of God Hospital. The 
electrical line would be attached to the 22kV line which is less than 50m away.  
•  Location 2 -  Next to the main Murdoch University Substation. This location is 
currently bushland. The gas line would be connected to the Alinta gas line that runs 
down Murdoch Drive around 20m from the substation. The electrical line would be 
connected to an 11/22kV transformer and connected directly to the substation. The 
heated water line to Saint John of God Hospital would need to be between 250m 
and 350m depending on the exact point of connection to the hospital. The chilled 
water line at this location would be approximately 320m x 2 for the supply and 
return line. 
•  Location 3 - At the ice farm. This location is ideal in terms of connection to a gas line, 
electrical connection and chilled water. Building modifications would be needed to 
house the equipment. The pipe line going to Saint John of God Hospital would be 
between 500m and 600m. 
 
Autocad files were collected that show the layout of Murdoch University along with all electrical, 
gas and water lines. These lines were superimposed onto a satellite image of Murdoch 
University. Figure   6.6 shows the three proposed locations on a section of Murdoch University. 
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Figure 6.6 - Location Proposals 
The following sections examine all three locations so that a decision can be made as to the best 
location. The comparison can be found in   section 6.9 and a conclusion for the most appropriate 
location can be found in section 6.11.1.  
6.3  Installation 
Morray Mechanical Services was contacted about the chilled water pipe installation and the 
waste heat pipe installation. Brian Morray stated that installation costs would be approximately 
230AUD/m for any trenches at a depth of 1.2m in open fields. 
 
Alinta Gas was contacted about the installation of the gas pipe line. Alinta Gas offers heavily 
discounted rates for extensions on their gas pipeline network. Installation costs for a gas line 
running from Murdoch Drive to the genset are 37.75AUD/m after the first 20 meters which are 
free. There is also a 550AUD connection fee. A detailed investigation is required to determine 
whether the pipework running down Murdoch Drive would need to be extended to handle the 
very large natural gas demand of the genset. This may dramatically increase the cost. 
 
The room housing the genset and transformer is examined in section   6.5. The cost of this room 
is  between  250,000.00AUD  and 300,000.00AUD including installation. A breakdown of the  
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specific installation costs for the room could not be obtained. The additional equipment 
installation costs were estimated using the Wood & Grieves report at 40,000.00AUD. 
 
The cost of interconnection of the genset to the HV ring cable at Murdoch University was taken 
directly from the Wood & Grieves Report. It was assumed that the interconnection of the 
proposed chiller system in the Wood and Grieves Report would be similar to this proposed 
system. The estimate is 37,000.00AUD. A more accurate figure would require the services of 
independent contractors. 
6.4  Component Sizing 
The component sizing in the detailed investigation was performed by selecting specific 
components. Depending on the component, cost estimates or quotes were obtained for each 
component. Component sizing was predominantly based on load sizes. Component sizing 
calculations can be found in appendix D. 
6.4.1  Gas Engine Genset 
The genset size and type were determined based on the electrical load at Murdoch University, 
chiller refrigeration load, heating load at Saint John of God Hospital and the natural gas quality 
in Western Australia.  
 
The quality of natural gas is determined by the Methane number. This number depends on the 
chemical composition of the natural gas. A report prepared for Fiona Stanley Hospital (16) 
indicates that the methane content in natural gas in Western Australia  is 87.85mol%,  this 
corresponds to a methane number of 88.74. MTU offer two types of natural gas engine. The 
appropriate type is chosen by comparing the methane number to the last three digits of the 
genset model. An L62 genset requires natural gas with a methane number between 70 and 80. 
An L63 genset requires natural gas with a methane number above 80. The high methane 
number in Perth allows the use of MTU L63 gensets. 
 
The MTU AE 20V4000L63 has an output of 2145kWe (17). As previously stated, the jacket water 
heat load atSaint John of God Hospital is a relatively constant 7TJ per year. The waste heat 
energy from the water jacket of the MTU20V4000L63 is 34.6TJ per year. It is assumed that the 
demand at Saint John of God Hospital could always be provided except during maintenance  
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times. This assumption is justified since the demand at Saint John of God Hospital is much 
lower than the output of the genset. A much smaller genset sized to suit the hot water needs of 
Saint John of God Hospital could be investigated although an investigation of this sort is outside 
the scope of this report. It does not seem likely that a smaller genset would be feasible since 
the piping costs are very high for water of this temperature over such a distance. 
 
Details of genset  calculations can be found in Appendix D. Relevant specifications for the 
selected MTU gas engine (AE20V4000L63) are shown in Table   6.2 (17). 
 
Name:  AE 20V4000L63 
Total power input  5139kW 
Cyl. Arrangement  V 20 
Displacement  95.33L 
Electrical Output:  2145kWe 
Output Voltages  400V 
   415V 
   6300V 
   10500V 
   11000V 
Thermal Output  1155kWth 
Outlet Water Temperature  80°C 
Inlet Water Temperature  70°C (60°C min) 
Water Flow Rate  102m³/h 
Exhaust Output  1204kWth 
ΔT for Power Output  459°C-120°C 
Flow rate (moist)  11399kg/h 
Flow rate (moist 0°C 1013mbar)  8948m³/h 
Sound @ rated output distance 1m  94.6dB 
Minimum Methane No  80 
Table 6.2 - Specifications for Gas Engine  
The electrical output of this genset is lower than the power requirement at Murdoch University 
68% of the time. However, only 2% (357MWh per year) of the electrical energy generated by 
the  genset  would be exported to the SWIS. The lowest power requirement at Murdoch  
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University between August 2008 and July 2009 excluding Christmas and New Year was 1528kW 
which is 72% of the rated electrical output of the genset. The technicalities of exporting power 
to the SWIS are investigated in section   6.6. 
 
The total cost of this genset is 1,600,000AUD. This cost includes the genset and control panel 
but not the associated electrical equipment, enclosures or any installation costs. Maintenance 
costs are discussed in section   6.8.1. 
6.4.2  Chiller 
The absorption chiller was selected based on the electrical load for chillers at Murdoch 
University, the expected chilled water demand, the exhaust gas energy flow rate of the engine 
and the chiller diversity factor. Absorption chiller sizing calculations  are identical to the 
calculations performed in section   5.2.2 and can be found in Appendix D.  
 
It was decided to use the Broad BE150 Absorption chiller. The genset exhaust gas would be fed 
directly to the chiller. This chiller cannot accept any other forms of energy input and so it would 
be unsuitable if the layout of the proposed system were to be changed. For example, it would 
be unsuitable if the waste jacket water heat was the input for the chiller. Relevant 
specifications for the Broad BE 150 Packaged Exhaust Chiller from Broad are shown in Table   6.3 
(15). 
 
Name: 
Broad Packaged Exhaust 
Chiller Model BE150 
Type:  Two stage exhaust chiller 
Cooling Capacity:  1745kWr 
Input Exhaust Temperature:  500°C 
Output Exhaust Temperature:  160°C 
Exhaust Flow Rate:  11554kg/h 
Power Demand:  6.8kW 
Table 6.3 - Specifications for Absorption Chiller  
The cooling capacity of the selected Broad chiller gives Murdoch University a diversity factor of 
0.81 if the system were to be installed at the end of 2010. If the system were installed at the  
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end of 2011, due to expected chilled water demand increases, the diversity factor would be 
0.76 and a 2334kWr absorption chiller could be installed without an excess of chilled water 
capacity. Calculations can be found in Appendix B. 
Chris Flanagan from Broad Absorption chillers was contacted by phone. He stated that the cost 
of the proposed absorption chiller would be 718,000AUD. Maintenance costs are discussed in 
section   6.8.1. 
6.4.3  Chilled Water Pipes 
The chilled water pipe sizes were based on the output flow rate of chilled water from the 
absorption chiller when the temperatures of the absorption chiller matched the temperatures 
of water in the existing chilled water circuit at Murdoch University. The chilled water pipe sizes 
were also based on the maximum pressure drop allowed for the absorption chiller. Calculations 
can be found in appendix D. The result of these calculations was a chilled water pipe with an 
internal diameter of 150mm. 
 
Brian Morray from Morray Mechanical Services was contacted about a price estimate for the 
chilled water pipes. He also verified the pipe size calculations. The specific type of pipe was 
chosen based on restrictions at Murdoch University that are outlined in the Office of 
Commercial Services - Mechanical Notes for Consultants document. As stated in this document: 
 
“All chilled water lines within buildings shall be of Type B copper. Underground pipework shall 
be suitably protected copper type B and or Welded Polyethylene laid direct in ground. Pipe 
installed at a depth of less than 1200mm shall be insulated. Galvanized pipe or other material 
shall not be used unless approved by Murdoch.” (18) 
It is assumed that the chilled water pipe network would not need to be extended after the 
introduction of the absorption chiller. These changes would not affect the feasibility study since 
the pipe network would be increased even without the absorption chiller.  Additional 
complications could arise if the existing chilled water circuit cannot accommodate the increase 
in chilled water at the exact point of connection because of back pressure in the pipes. This 
scenario has not been examined in the detailed investigation. Basil Arrow from Murdoch 
University stated that pressure and flow rates are not measured at the pump closest to the 
potential point of connection.  
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Brian Morray suggests the use of polyethylene PN 10 pipe for the chilled water pipes at a price 
of 200AUD/m. The installation costs of the pipe can be found in section   6.3.  
 
6.4.4  Waste Heat Water Pipes 
The waste heat water pipe sizing was based on the expected water flow rate, the energy 
demand at Saint John of God Hospital, the waste heat output of the genset, the maximum 
pressure drop in the pipes and the temperatures of the pipes. The difference in height above 
sea level between Murdoch University and Saint John of God Hospital is minimal so the affect 
on the pipe size was neglected. Calculations can be found in Appendix D. A pipe with a 150mm 
ID should be used if sized based on the entire waste heat output of the engine. A pipe with a 
100mm ID should be used if sized based on the space heating and hot water load with a 20% 
increase in demand forecast at Saint John of God Hospital. 
 
The waste heat water pipe would run under Murdoch Drive. The likelihood of approval for the 
laying of this pipe was investigated. Roy Bailey from Melville City Council was contacted to 
obtain an indication of the likelihood of obtaining such an approval. He stated that the only 
concern would be from the environmental impact of laying a heated pipe close to the wetlands 
southeast of Murdoch University. For the purpose of the detailed investigation it was assumed 
that the waste heat water pipe would have no environmental effect on these wetlands since 
they are more than 500m from the most southern potential location of the pipe. 
 
Brian Morray from Morray Mechanical Services was contacted about a price estimate for the 
waste heat water pipes. He verified the pipe size calculations and selected the appropriate 
pipe. Mr Morray stated that C-PVC pipe should be used since the water would be untreated 
and because of the temperatures involved. The 150mm ID pipe costs 500AUD/m. 
6.4.5  Waste Heat Water Pumps 
The waste heat water pump sizes were based on the total dynamic head (TDH), the water 
temperature, the pipe diameter and the flow rate. As stated in section   6.4.4, the affect of the 
difference in height at the ends of the pipe was considered negligible. The TDH was calculated 
using the “equivalent length of pipe” method. The total number of corners and valves in the  
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pipe was estimated. The dynamic head  from the friction in the pipe  was calculated. 
Calculations can be found in Appendix D. 
 
Murdoch University has some pump requirements that were considered in the investigation. 
These requirements are explained in detail in The Office of Commercial Services - Mechanical 
notes for consultants (19). A summary is listed as follows:  
 
•  Pumps shall be of the centrifugal, end suction type 
•  Pumps shall have drip trays which shall be drained to adjacent floor waste. 
•  All pumps shall be VSD driven 
•  All pumps shall be complete with pressure gauges and binder points on both the 
suction and discharge sides 
 
These requirements relate to heated water pipes connected to the heated water circuit at 
Murdoch University. The waste heat line goes directly to Saint John of God Hospital in the 
proposed system, however these requirements should still be adhered to since the heated 
water line may be connected to the Murdoch University circuit in future depending on hot 
water demand. 
 
Doug Brown from Malcolm Thompson Pumps was contacted so that estimates for the pump 
size and prices could be obtained. Doug Brown verified the calculations for the TDH. He 
provided pump size and cost estimates based on the values stated above and Murdoch 
University Requirements.  
 
The calculated total dynamic head (TDH) for each proposed location is shown in Table   6.4. 
These lengths include outgoing and return lines. 
 
Location  Equivalent Pipe Length (m)  TDH (m H20) 
1  1111  59.13 
2  508  53.60 
3  1008  58.19 
Table 6.4 - Total Dynamic Head for Heated Water Pipe  
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Doug Brown recommended the use of a 30kWe Aquaplus centrifugal pump for any of the three 
locations. The impeller would need minor trimming. The specifications of the pump are shown 
in Table   6.5. 
  
Brand  Aquaplus 
Model  AQUMP65-20-S10-30002BP 
Electrical Requirement  30kW 
Speed  2900rpm 
Maximum flow rate @ 60m TDH  28L/s 
Table   6.5 - Aquaplus Pump Specifications 
At a flow rate of 23L/s (which corresponds to a heat demand of 35TJ per year) the pump would 
need a constant electrical supply of 21kW. At a flow rate of 8.8L/s, (which corresponds to a 
heat demand of 11.4TJ per year plus 20% increase in demand) the pump would need a 
constant electrical supply of 14kW. Calculations for this result can be found in Appendix D. The 
variable speed drives, pressure gauges and binder points have not been taken into account. 
These will be addressed in section   6.8. The pump is priced at 7207AUD including GST. 
 
6.4.6  Cables 
Minimum conductor sizes were based on the procedure and calculations outlined in The 
Australian Standards paper - AS3008. This procedure uses maximum current carrying capacities 
and maximum allowable voltage drop to determine an appropriate conductor size. 
Assumptions used for these calculations are as follows: 
 
•  XLPE insulation (X-90) is used for all cables 
•  the operating temperature is 90°C 
•  the ambient temperature is 30°C 
•  the ambient soil temperature is 15°C 
•  cables are laid at a depth of 0.5m 
•  the thermal resistivity of the soil is 1.2°C.m/W  
•  the maximum allowable voltage drop is 5% 
•  the installation method and cable layout do not require derating  
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The estimated cable lengths for each location along with the calculation results based on the 
assumptions stated above are shown in Table   6.6. 
 
Location 1 
   
Length (m)  Voltage (V) 
Minimum Cable Size 
(mm²) 
10  11000  25 (Cu) or 35 (Al) 
50  22000  6 (Cu) 
      Location 2 
    Length (m)  Voltage (V) 
  10  11000  25 (Cu) or 35 (Al) 
10  22000  10 (Cu) or 16 (Al) 
      Location 3 
    Length (m)  Voltage (V) 
  20  11000  25 (Cu) or 35 (Al) 
Table   6.6 - Cable Lengths and Sizes 
The information in Table   6.6 was given to Brendan Fidock from Western Power. Brendan Fidock 
recommended the use of 35mm
2 3 core and earth XLPE cables for all cables. This decision was 
made based on the conventions of Western Power for high voltage cables. The installation 
costs are discussed in section   6.3. The cost of the cable is 28.50AUD/m. The cost of cable for 
the waste heat water pumps and cabling for the control instruments was neglected. 
6.4.7  Electrical Components 
The genset location is the main factor in determining the electrical components. The proposed 
system  would  be connected to the existing 22kV ring cable.  It  would require a separate 
substation if the genset were to be placed at location one. The main substation for Murdoch 
University would have to be extended if the genset were to be placed at location two. 
Currently, there are no transformers at Murdoch University large enough to accept the output 
of the genset so a transformer rated for at least 2.2MW is required.  
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An indoor or outdoor substation could be used for location one or location two. An indoor 
substation would have to be used at location three because of space restrictions. For the 
purpose of this investigation, an indoor substation and associated equipment are used 
regardless of location. It was assumed that Murdoch University would not agree to the use of 
an outdoor substation because of aesthetic values.  
 
Power Factor correction equipment is not needed since the genset has integrated power factor 
correction. 
 
Estimates for the cost of a transformer were obtained from two sources so that they could be 
compared. The cost estimates for the transformer associated with the new 4400kWr electrical 
chiller being installed were used. The cost  estimates  for a proposed upgrade for another 
4400kWr electrical chiller in 2012 were also used. These figures should provide a reasonable 
estimate for the electrical costs of the proposed system. An estimate was obtained from Brett 
Grieves. Brett Grieves in a mechanical engineer at Aecom Engineering. His advice was 
considered as the best approximation of initial costs since Aecom is working on a project with 
similar electrical equipment requirements for Fiona Stanley Hospital. A comparison between 
the transformer costs is shown in Table   6.7 
 
Source  Transformer   Cost (AUD) 
Wood & Grieves 
Engineering 
1 x 1600kVA dry type, force ventilated 
making it 2200kVA      140,000  
Aecom 
Engineering  1 x 2200kVA      120,000  
Table   6.7 - Transformer Cost Comparison 
Price estimates for all other electrical equipment were obtained from Brett Grieves. The total 
cost of components was calculated as 245,000AUD.  This price does not include installation. 
The components and prices are based on a system that is used as a backup system and so 
connection requirements would vary from the proposed system. Additional grid protection 
equipment is needed since the system is connected to the SWIS, however cost figures are not  
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available unless an interconnection study by Western Power is performed. Details of the cost 
breakdown can be found in section   6.8. 
6.5  Noise Restrictions 
The genset has an average weighted surface noise output of 100.1dB (A) one meter away from 
the engine block. The genset also has an average weighted exhaust noise output of 102.1 dB 
(A) one meter from the exhaust tip. These values do not incorporate additional noise muffling 
equipment of any kind. All other noise sources were neglected in the detailed investigation 
since their contribution to the weighted average noise level is insignificant. 
 
When operating without a noise dampening enclosure, it was calculated using an online sound 
analysis tool (20) that the listener would have to be 700m away before the noise level was as 
low as 35dB. This is clearly not a viable option so sound deadening is needed. Calculations are 
shown in Appendix E. 
 
The restrictions that Murdoch University places on tolerable noise levels are shown 
in Table   6.8. 
 
Area  Satisfactory  Maximum 
General Offices  40dB  45dB 
Laboratories  35dB  40dB 
Teaching / Working  40dB  45dB 
Lecture Theatres  30dB  35dB 
Seminar Rooms/Class 
Rooms  30dB  35dB 
Individual Offices  35dB  40dB 
Library  40dB  45dB 
Table 6.8 - Murdoch University Noise Restrictions  
38 
 
The Office of Commercial Services - Mechanical Notes for Consultants states that these limits 
shall be adhered to and in areas not specified the value shall conform to AS 2107 (19). 
 
The restrictions stated above refer to the maximum ambient noise that can be heard from 
inside any of the noted buildings. This value has a strong dependence on the design of each 
room and their acoustic characteristics. Values relating to these characteristics could not be 
obtained and measurement would have required the employment of acoustic consultants. 
 
Calculations were performed to determine the maximum noise level that could come from the 
genset. The maximum noise levels are shown in Figure   6.7. The calculations can be found in 
Appendix E. 
 
 
Closest Building Distance  Building Type (19)  Maximum Noise * 
Location 1  40m  Working   77dB (20) 
Location 2  60m  Working   80dB (20) 
Location 3  10m  Laboratory   60dB (20) 
* The maximum noise is the weighted average sound pressure level that the system can generate at a 
distance of 1m from the noise source. 
Figure   6.7 - Maximum Noise Levels  
Barclay Engineering was contacted to provide an estimate for the level of sound insulation 
required. Barclay Engineering estimated that depending on the location, a purpose built sound 
attenuated room that would house the genset and instrumentation equipment would cost 
between 250,000AUD and 300,000AUD fully installed. 
 
6.6  Exporting Power to SWIS 
The initial investigation does not consider the possibility of exporting power to the SWIS. This is 
because the genset  size was chosen to provide the minimum level of power to Murdoch 
University and no power would be exported. As stated in section   6.4.1, 98% of the power 
generated by the genset would be used at Murdoch University. Power for the main ring cable is  
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currently provided from the SWIS. Murdoch University does not use any circuits independent 
of the SWIS. The proposed system must therefore be connected and export excess power to 
the SWIS. 
 
A meeting was held with Adam McHugh about the relevant costs and savings involved in 
interconnection to the SWIS. Mr. McHugh is an energy studies lecturer at Murdoch University. 
He stated that the average rate for exported electricity is 4.31c/kWh. Since this value fluctuates 
he stated that it is likely that the selling price for electricity with a system of this size would 
likely be around 5.5c/kWh. A detailed investigation by Western Power is required to determine 
accurate rates. 
 
Capacity Credit is awarded based on the relative capacity of a system. The relative capacity of 
the proposed system should be approximately equal to its rated output since it will operate at 
rated output.  Mr.  McHugh stated that the capacity credit rate likely to be awarded is 
131,800AUD per MWe of capacity. This means that for the 2.145MWe system operating 95% of 
the time, a sum of 268,575AUD would be given to the university each year. Other small 
registration fees were discussed with Mr. McHugh that can be found in section   6.8.  
6.7  Carbon Trading 
Murdoch University currently gets its power from the SWIS. Trevor Prior from Murdoch 
University stated that a rough ratio of coal to natural gas burned for electricity generation in 
Western Australia is 70% coal to 30% natural gas. The burning of natural gas has a far lower 
carbon dioxide equivalent emission value in comparison to the burning of coal. The fuel source 
of the proposed case is natural gas and there is potential for extremely efficient operation. 
These factors indicate that through the use of the proposed system, a reduction in carbon 
emissions is assured.  
 
The Carbon Pollution Reduction Scheme (CPRS) is intended to take effect in July 2011 (12). The 
energy cost predictions used for this report are based on the CPRS and the assumption that it 
will take effect at this date. The results would be changed dramatically if it was not put into 
effect or if it were delayed. This legislation will require many large Australian businesses such 
as electricity generation utilities to account for their emissions. The Australian government will  
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issue these businesses with permits based on the equivalent amount of carbon dioxide (CO2-e) 
that they emit (21). Carbon Dioxide equivalent emissions are a method of using a common unit 
to account for all the different chemical pollutants that contribute to climate change. One 
permit is equal to one metric ton of CO2-e. The permits can be bought and sold at market 
value. A cap on the total emissions will be put in place (22). Power generation companies 
would have to pass most of the cost to consumers however government subsidies may be 
available as outlined in the Carbon Pollution Reduction Scheme: Australia’s Low Pollution 
Future. 
 
The Carbon Pollution Reduction Scheme: Australia’s Low Pollution Future, also known as “The 
White Paper”  is a report released by the Australian Government outlining features of the 
emissions trading scheme. It states that 4.8 billion AUD of assistance will be provided in the 
form of free permits for electricity generation companies (12). 
 
The initial emission trading price is predicted by the Department of the Treasury to be 23AUD/t 
Co2-e at the beginning of 2011 (21). The National Greenhouse Factors June 2009 states that 
the emissions factor for electrical energy taken from the SWIS is 0.84kg CO2-e/kWh (23). The 
emissions factor for the burning of natural gas from a distribution pipeline is 51.33 kg CO2-e/GJ 
or 0.184kg CO2-e/kWh (23). This figure does not take the exact chemical composition of natural 
gas in Western Australia into account although this factor would not change the results 
dramatically. 
 
Murdoch University would be entitled to a reduction in electricity costs because it would 
effectively be reducing the number of permits required by the electricity generation utilities 
that power the SWIS. The exact rate cannot be determined since it would be decided by the 
utility however during a telephone conversation with the Department of Climate Change it was 
stated that the initial emission trading price would be the best estimate. 
 
Renewable Energy Certificates (RECs) are not applicable for this project since the use of natural 
gas does not qualify as renewable energy. 
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Taking into account the total generated electricity and the savings from the use of the 
absorption chiller, the total saving of carbon emissions was calculated using the feasibility 
study program as 7891 tons of carbon. The output of these calculations can be found in 
section    6.10.  This  equates to a  total cost saving of 181,505AUD  per year for Murdoch 
University. 
6.8  Summary of Cost 
6.8.1  Ongoing Costs 
Long term ongoing costs for electricity have been predicted using many economic models. 
Australia’s Low Pollution Future – The Economics of Climate Change Mitigation is a document 
released by the Australian Government that outlines and compares the results of some of 
these models. In the following predictions, the reference case refers to a scenario where 
climate change is ignored. The other cases refer to predictions using four economic models that 
take climate change adjustments into account. These predictions are shown in Figure   6.8 (21). 
 
Figure 6.8 - Average Australian Wholesale Electricity Price Predictions  
The clear trend is that electricity prices will rise. The estimated figures for the short term, taken 
from the same document are as follows: 
“The average household is expected to spend an extra $4-5 per week on electricity and 
$2 per week on gas and other household fuels. This corresponds to an increase in 
electricity prices of 17-24 per cent and in gas prices of 11-15 per cent.” (21)  
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Murdoch University paid 0.124AUD/kWh for electricity and $12.8AUD/GJ for natural gas in 
August 2009. The average values of the price increase factors mentioned above (20.5% for 
electricity and 13% for natural gas) were applied. A price of $0.150AUD/kWh for electricity and 
$14.5AUD/GJ for natural gas were used in the feasibility study. It should be noted that a 
detailed prediction of the natural gas price for the life span of the proposed system could not 
be obtained so predictions relating to electricity cost were used. 
The maintenance costs for the components discussed in   6.4 are composed of costs for the 
genset and costs for the absorption chiller. All other maintenance costs were ignored for the 
purposes of the detailed investigation. The cost for the genset as stated by Poh Meng Yeo from 
MTUDDA is 1.2c AUD/kWh. The cost of the absorption chiller as stated by Chris Flanagan is 
20,000AUD/year if operated 24/7. Assuming 95% availability of both the genset and the 
absorption chiller, this corresponds to a total maintenance cost of roughly 234,000AUD/year. 
6.9  Initial Costs 
Summaries of the total initial costs are shown in the following tables. “Electrical equipment” 
and “Installation” are calculated independent of location. The three locations discussed in 
section   5.2 are then financially compared and the grand total for each location is calculated. 
 
Table 6.9 - Cost Summary - Electrical Equipment 
Many of the cheaper parts of equipment have been neglected because they were considered 
negligible in comparison to the listed equipment. A list of some of the excluded equipment is as 
follows: 
•  pipe work between the genset and the absorption chiller 
•  pipe flanges, bends, expansion chambers, gauges and valves 
•  exhaust modification 
Electrical Equipment
Equipment Description Cost (AUD) Source
Gas Genset MTUDDA  1,600,000.00 $             Poh Meng Yeo - MTUDDA
Absorption Chiller Broad 718,000.00 $                 Chris Flanagan - Broad
Remote Radiator - 85,000.00 $                   Poh Meng Yeo - MTUDDA
Transformer 2200kVA dry type force ventilated 140,000.00 $                
Estimated from Wood & Grieves 
Engineering Report
HV Switchboard for genset 125,000.00 $                 Brett Grieves - Aecom
Water Pump & Electric Motor Aquaplus 30kW centrifugal pump 6,550.00 $                    
Doug Brown - Malcolm 
Thompson Pumps
Total 2,674,550.00 $             
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•  new gas meter 
•  below ground pipe prices have been used for all pipes 
 
 
Table 6.10 - Cost Summary – Installation 
Some of the installation procedures have been neglected or approximated. For example, tree 
clearing has not been included. The cost of pipe installation has been approximated based on 
the width of Murdoch Drive and Campus Drive. 
 
Table   6.11 - Cost Summary - Location 1 Dependent 
 
Table   6.12 - Cost Summary - Location 2 Dependent 
Installation
Requirement Description Cost (AUD) Source
Gas Connection fee for connection from Alinta Gas 550.00 $                         Alinta Gas
Equipment Installation Cost
pipe Works, electrical works, 
instrumentation connection 40,000.00 $                  
Estimated from Wood & Grieves 
Engineering Report
Interconnection Cost
electrical connection to the ring 
cable 37,000.00 $                  
Estimated from Wood & Grieves 
Engineering Report
Transport of Equipment
transport of Genset and Chiller to 
site 20,000.00 $                   Estimated
Total 97,550.00 $                  
Location 1 Dependent
Equipment Description Quantity Unit Cost (AUD) Total Cost (AUD) Source
Electrical Cables 35mm² 3C+E XLPE 60  $                  28.50   $              1,710.00  Brendan Fidock - Western Power
Heated Water Pipes C-PVC 150mm ID 1100  $                500.00   $         550,000.00 
Brian Morray - Morray 
Mechanical Services
Chilled Water Pipes Polyethylene PN 10 260  $                200.00   $            52,000.00 
Brian Morray - Morray 
Mechanical Services
Heated Water Pipe Installation Trenching 1100  $                200.00   $         220,000.00 
Brian Morray - Morray 
Mechanical Services
Chilled Water Pipe Installation Trenching 260  $                200.00   $            52,000.00 
Brian Morray - Morray 
Mechanical Services
Gas Pipe and Installation Alinta Gas subsidised cost 200  $                  37.75   $              7,550.00  Alinta Gas
Acoustic Attenuated Room
engineered and constructed by 
Barclay Engineering 1  $        250,000.00   $         250,000.00  Barclay Engineering
Total  $      1,133,260.00 
Location 2 Dependent
Equipment Description Quantity  Unit Cost (AUD)   Total Cost (AUD)  Source
Electrical Cables 35mm² 3C+E XLPE 20  $                  28.50   $                 570.00  Brendan Fidock - Western Power
Heated Water Pipes C-PVC 150mm ID 500  $                500.00   $         250,000.00 
Brian Morray - Morray 
Mechanical Services
Chilled Water Pipes Polyethylene PN 10 640  $                200.00   $         128,000.00 
Brian Morray - Morray 
Mechanical Services
Heated Water Pipe Installation Trenching 500  $                200.00   $         100,000.00 
Brian Morray - Morray 
Mechanical Services
Chilled Water Pipe Installation Trenching 640  $                200.00   $         128,000.00 
Brian Morray - Morray 
Mechanical Services
Gas Pipe and Installation Alinta Gas subsidised cost 20  $                  37.75   $                 755.00  Alinta Gas
Acoustic Attenuated Room
engineered and constructed by 
Barclay Engineering 1  $        250,000.00   $         250,000.00  Barclay Engineering
Total  $         857,325.00  
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Table   6.13 - Cost Summary - Location 3 Dependent 
 
 
Table   6.14 - Cost Summary - Location Cost Comparison 
 
6.10 Feasibility Study Program 
A feasibility study program was created in Microsoft Excel using VBA code. The program is an 
extension from the initial back of the envelope calculations. The purpose of the feasibility study 
program is to show the payback period of the proposed system and to allow the user to vary 
the input parameters to determine their effect on the payback period. The feasibility study 
program is suited to any topping cycle trigeneration system that has electricity, heated water 
and chilled water outputs. 
 
The feasibility study program works using input information from a base system and a 
proposed system. Load profiles for each of the three loads in the proposed system are used to 
determine the relationships between the genset output and the demand. These effectively give 
yearly average values for the required outputs of the genset. These average values are used in 
conjunction with initial cost values and economic input values to provide an annual cost 
comparison between the base case and proposed case. This comparison is modelled over 25 
years and compared using the net present value (NPV) of the system. 
 
Location 3 Dependent
Equipment Description Quantity  Unit Cost (AUD)   Total Cost (AUD)  Source
Electrical Cables 35mm² 3C+E XLPE 20  $                  28.50   $                 570.00  Brendan Fidock - Western Power
Heated Water Pipes C-PVC 150mm ID 1000  $                500.00   $         500,000.00 
Brian Morray - Morray 
Mechanical Services
Chilled Water Pipes Polyethylene PN 10 40  $                200.00   $              8,000.00 
Brian Morray - Morray 
Mechanical Services
Heated Water Pipe Installation Trenching 1000  $                200.00   $         200,000.00 
Brian Morray - Morray 
Mechanical Services
Chilled Water Pipe Installation Trenching 40  $                200.00   $              8,000.00 
Brian Morray - Morray 
Mechanical Services
Gas Pipe and Installation Alinta Gas subsidised cost 20  $                  37.75   $                 755.00  Alinta Gas
Acoustic Attenuated Room
engineered and constructed by 
Barclay Engineering 1  $        300,000.00   $         300,000.00  Barclay Engineering
Total  $      1,017,325.00 
Grand Totals
Location Cost (AUD)
1 3,905,360.00 $                                 
2 3,629,425.00 $                                 
3 3,789,425.00 $                                  
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The user can provide the load information in different ways. Hourly power values over the year 
for the electrical load can be used or the user can enter load values for each hour of a day, 
average values for each day of one week and average values for each month of the year. The 
user  then  enters  the date that the values were taken and the feasibility study program 
extrapolates the values so that a load profile for every hour of the year is created. The chilled 
water load data can be entered directly, the data can be extrapolated using the same method 
mentioned above for the electrical demand or the equivalent full load hours for the absorption 
chiller can be calculated after the two reference temperatures mentioned in section   6.1.2 are 
known or estimated. The waste heat water demand must be entered as the total amount of 
waste heat that was used by a source over a year. This value essentially represents an average 
power consumption value and so care must be taken to ensure that the gas engine can provide 
this waste heat. It was outside the scope of this investigation to include a detailed load profile 
for the waste heat since as previously stated, the waste heat load is much lower than the waste 
heat output of the engine. 
 
The results of each section in the detailed analysis were entered into the feasibility study 
program and a payback period was obtained. The procedure used in the VBA code to create the 
feasibility study  program is shown in  Appendix G. Screenshots of the program are shown 
in Figure   6.9, Figure   6.10 and Figure   6.11.  
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Figure 6.9 - “Inputs” Screenshot of Feasibility Program 
 
Figure   6.10 - "Electrical Load" Screenshot of Feasibility Program 
Initial Costs Chiller
Gas Engine 1,600,000.00 $       Output (kWr) 1745
Absorption Chiller  718,000.00 $           Electrical Input Requirement (kW) 6.8
Remote Radiator 85,000.00 $             Reference Temperature (°C) 25
Transformer 140,000.00 $           No Load Temperature (°C) 15
HV Switchboard 125,000.00 $          
Electrical Cabling 570.00 $                  Other
Heated Water Pipe 250,000.00 $           GST 10%
Chilled Water Pipe 128,000.00 $           Discount Rate 8%
Natural Gas Pipe 755.00 $                  Inflation 0%
Acoustic Attenuated Room 250,000.00 $           Conventional Chiller efficiency kWe/ton 0.5
Construction/Installation 97,000.00 $             temperature parameter 0.001
Pipe Installation 228,000.00 $          
Water Pumps 6,550.00 $               Emissions
Gas Connection 550.00 $                  CO2 Emissions from Electricity (kg/kWh): 0.86
CO2 Emissions from natural gas (kg/kWh): 0.184
Carbon Trading rate( AUD/ton of CO2):  23.00 $                    
Cost Increases
Year Electricity Natural Gas Carbon Trading
1 3% 3% 0%
2 3% 3% 0%
Total 3,629,425.00 $       3 3% 3% 0%
4 3% 3% 0%
Ongoing Costs 5 3% 3% 0%
Gas Engine Maintenance (AUD/kWh) 0.012 $                     6 3% 3% 0%
Other Maintenance (AUD/year) 20,000.00 $             7 3% 3% 0%
Electricity Buy Rate (AUD/kWh) 0.150 $                     8 3% 3% 0%
Gas (AUD/GJ) 14.500 $                  9 3% 3% 0%
10 2% 2% 0%
Ongoing Returns 11 2% 2% 0%
Electricity selling price (AUD/kWh) 0.05 $                       12 2% 2% 0%
Capacity Credit (AUD/kWh) 131.80 $                  13 2% 2% 0%
Waste heat selling price(AUD/GJ) 11.600 $                  14 2% 2% 0%
15 2% 2% 0%
Load 16 2% 2% 0%
SJGH Heated Water Load (TJ/year) 7 17 2% 2% 0%
Waste heat Pump Electricity (kW) 10 18 2% 2% 0%
Heated Water Demand at Murdoch (kW) 0 19 2% 2% 0%
20 2% 2% 0%
Gas Engine 21 2% 2% 0%
Electrical Output (kW) 2145 22 2% 2% 0%
Water Jacket Heat Output (kW) 1155 23 2% 2% 0%
Electrical Efficiency (%) 42% 24 2% 2% 0%
Availability (%) 95% 25 2% 2% 0%
Time and Date Total Internal 
Electrical Load 
(kW)
Max Daily 
Temperature 
(°C)
01/08/2008 00:30 2086 18.1
01/08/2008 01:30 2090 18.1
01/08/2008 02:30 2118 18.1
01/08/2008 03:30 2040 18.1
01/08/2008 04:30 2230 18.1
01/08/2008 05:30 2346 18.1
01/08/2008 06:30 2500 18.1
01/08/2008 07:30 2954 18.1
01/08/2008 08:30 3538 18.1
01/08/2008 09:30 3848 18.1
01/08/2008 10:30 3706 18.1
01/08/2008 11:30 3696 18.1
01/08/2008 12:30 3574 18.1
01/08/2008 13:30 3612 18.1
01/08/2008 14:30 3486 18.1
01/08/2008 15:30 3260 18.1
01/08/2008 16:30 2898 18.1
01/08/2008 17:30 2770 18.1
01/08/2008 18:30 2432 18.1
01/08/2008 19:30 2320 18.1
01/08/2008 20:30 2220 18.1
01/08/2008 21:30 2160 18.1
01/08/2008 22:30 2076 18.1
01/08/2008 23:30 2048 18.1
02/08/2008 00:30 2020 17.5
02/08/2008 01:30 1998 17.5
02/08/2008 02:30 1970 17.5
02/08/2008 03:30 1858 17.5
02/08/2008 04:30 1954 17.5 
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Figure   6.11 - "Output" Screenshot of Feasibility Program 
The parameters in the figures above are not intended to show any real results. Since the results 
of the feasibility study are a result of all sections discussed in the detailed investigation, the 
results will be examined in the detailed investigation outcome. 
6.11 Detailed Investigation Outcome 
Using the feasibility study program variable parameters such as electricity price and initial costs 
were changed to determine the effect on the payback period. Other decisions such as the 
potential location of the genset were decided upon based on the previous sections. These 
parameters were not changed in the feasibility program. In each of the following sections one 
or two of the parameters are varied while the others are kept at constant values. The price of 
the exported heat was kept at a constant 80% of the cost of natural gas. Table   6.15 shows the 
parameters that are varied and the values to which they will be compared. All monetary values 
are shown in 2009 Australian dollars. 
 
 
Energy Outputs
Base Case
Annual Electricity Usage (GWh) 23.33
Proposed Case
Additional Gas (TJ) 154.11
Exported Electricity (GWh) 0.29
Annual Electricity Usage (GWh) 4.99
Emissions
CO2 from Base Case (ton/year) 20062
CO2 from Proposed Case (ton/year) 12166
Cost Outputs
Costs - Base Case
Electricity 3,849,144.26 $            
Costs - Proposed Case
Additional Gas 2,458,001.49 $            
Additional Electricity 20,971.44 $                 
Maintenance 234,208.28 $               
Savings - Proposed Case
Internal Electricity Savings 2,634,274.50 $            
Exported Electricity 12,998.70 $                  PV of Annual Cost Total Cost PV of Total Cost
Electricity from Chiller 116,814.37 $                Year Base Case Proposed Case Base Case Proposed  Case Base Case Proposed Case
Sold Waste Heat 81,200.00 $                  0 - $                                 3,629,425.00 $                - $                                 3,629,425.00 $                - $                                 3,629,425.00 $               
Capacity Credit 268,575.45 $                1 3,670,943.13 $                3,121,603.12 $                3,849,144.26 $                6,896,271.48 $                3,670,943.13 $                6,751,028.12 $               
Carbon Trading 181,615.96 $                2 3,498,952.65 $                2,980,794.25 $                7,698,288.51 $                10,163,117.96 $             7,169,895.78 $                9,731,822.37 $               
Total Costs - Base Case 3 3,333,076.37 $                2,844,420.41 $                11,547,432.77 $             13,429,964.44 $             10,502,972.15 $             12,576,242.78 $            
Base Case 3,849,144.26 $             4 3,173,212.16 $                2,712,470.44 $                15,396,577.02 $             16,696,810.92 $             13,676,184.31 $             15,288,713.22 $            
NPC of Electricity (AUD/kWh) 0.09 $                            5 3,019,252.60 $                2,584,922.44 $                19,245,721.28 $             19,963,657.39 $             16,695,436.91 $             17,873,635.66 $            
Total Costs - Proposed Case 6 2,871,085.58 $                2,461,744.63 $                23,094,865.53 $             23,230,503.87 $             19,566,522.49 $             20,335,380.29 $            
Proposed Case 3,266,846.48 $             7 2,728,594.66 $                2,342,896.19 $                26,944,009.79 $             26,497,350.35 $             22,295,117.15 $             22,678,276.48 $            
NPC of Electricity (AUD/kWh) 0.08 $                            8 2,591,659.63 $                2,228,328.09 $                30,793,154.04 $             29,764,196.83 $             24,886,776.79 $             24,906,604.57 $            
9 2,460,156.91 $                2,117,983.81 $                34,642,298.30 $             33,031,043.31 $             27,346,933.69 $             27,024,588.38 $             ←
Electrical Load (GWh/year) 23.33 10 2,333,959.97 $                2,011,800.12 $                38,491,442.55 $             36,297,889.79 $             29,680,893.66 $             29,036,388.50 $            
Percentage Supplied By Engine 75% 11 2,212,939.82 $                1,909,707.71 $                42,340,586.81 $             39,564,736.27 $             31,893,833.48 $             30,946,096.21 $            
Equivalent Load from Absorption Chiller (MWh/year) 779 12 2,096,965.38 $                1,811,631.90 $                46,189,731.06 $             42,831,582.75 $             33,990,798.87 $             32,757,728.11 $            
Ratio of output to rating for Absorption Chiller  38% 13 1,985,903.88 $                1,717,493.20 $                50,038,875.32 $             46,098,429.23 $             35,976,702.75 $             34,475,221.31 $            
14 1,879,621.25 $                1,627,207.96 $                53,888,019.57 $             49,365,275.71 $             37,856,324.00 $             36,102,429.27 $            
15 1,777,982.47 $                1,540,688.87 $                57,737,163.83 $             52,632,122.18 $             39,634,306.47 $             37,643,118.15 $            
16 1,680,851.95 $                1,457,845.52 $                61,586,308.08 $             55,898,968.66 $             41,315,158.41 $             39,100,963.67 $            
17 1,588,093.82 $                1,378,584.87 $                65,435,452.34 $             59,165,815.14 $             42,903,252.24 $             40,479,548.54 $            
18 1,499,572.29 $                1,302,811.71 $                69,284,596.59 $             62,432,661.62 $             44,402,824.53 $             41,782,360.25 $            
19 1,415,151.93 $                1,230,429.12 $                73,133,740.85 $             65,699,508.10 $             45,817,976.46 $             43,012,789.36 $            
20 1,334,697.92 $                1,161,338.84 $                76,982,885.10 $             68,966,354.58 $             47,152,674.38 $             44,174,128.21 $            
21 1,258,076.37 $                1,095,441.70 $                80,832,029.36 $             72,233,201.06 $             48,410,750.75 $             45,269,569.91 $            
22 1,185,154.54 $                1,032,637.93 $                84,681,173.61 $             75,500,047.54 $             49,595,905.29 $             46,302,207.84 $            
23 1,115,801.05 $                972,827.48 $                   88,530,317.87 $             78,766,894.02 $             50,711,706.34 $             47,275,035.31 $            
24 1,049,886.14 $                915,910.37 $                   92,379,462.12 $             82,033,740.50 $             51,761,592.48 $             48,190,945.68 $            
25 987,281.82 $                   861,786.96 $                   96,228,606.38 $             85,300,586.97 $             52,748,874.30 $             49,052,732.64 $            
Total 52,748,874.30 $             49,052,732.64 $            
Proposed case is equivalent to taking this many cars off the 
road every year
1595
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Gas Price (AUD/GJ)  14.5  ±30% 
Electricity Price (AUD/kWh)  0.15  ±30% 
Initial Cost (AUD)  3,629,425.00  -50% to +100% 
Chilled Water Demand (capacity factor)  37%  ±100% 
Waste Heat Demand (TJ/year)  7  -100% to +200% 
Carbon Trading Rate (AUD/ton CO2-e)  23  ±100% 
Table   6.15 - Parameters varied in the Detailed Investigation Outcome 
The following figures relate to the feasibility outcome using values stated in Table   6.15. Output 
parameters relating to energy are shown in Figure   6.12. 
 
Figure   6.12 - Feasibility Program Output I 
The outputs parameters relating to cost are shown in Figure   6.13. 
Energy Outputs
Base Case
Annual Electricity Usage (GWh) 23.33
Proposed Case
Additional Gas (TJ) 154.11
Exported Electricity (GWh) 0.28
Annual Electricity Usage (GWh) 4.98
Emissions
CO2 from Base Case (ton/year) 20062
CO2 from Proposed Case (ton/year) 12161
Proposed case is equivalent to taking this many cars off the 
road every year
1596 
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Figure   6.13 - Feasibility Program Output II 
A graph of the payback period for the proposed system in present day dollars is shown 
in Figure   6.14. 
 
Figure   6.14 - Payback Period of Proposed System 
From these figures it can be seen that the proposed system is predicted to be payed off by the 
end of the 9
th year. In terms of carbon emissions, the system is the equivalent of taking 1596 
Cost Outputs
Costs - Base Case
Electricity 3,849,144.26 $            
Costs - Proposed Case
Additional Gas 2,458,001.49 $            
Additional Electricity 20,971.44 $                 
Maintenance 234,208.28 $               
Savings - Proposed Case
Internal Electricity Savings 2,635,064.55 $            
Exported Electricity 12,761.69 $                 
Electricity from Chiller 116,839.47 $               
Sold Waste Heat 81,200.00 $                 
Capacity Credit 268,575.45 $               
Carbon Trading 181,723.45 $               
Total Costs - Base Case
Base Case 3,849,144.26 $            
NPC of Electricity (AUD/kWh) 0.09 $                           
Total Costs - Proposed Case
Proposed Case 3,266,160.86 $            
NPC of Electricity (AUD/kWh) 0.08 $                           
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small cars off the road. Over the entire system lifespan, a saving of 3.7 million dollars will be 
made.  
6.11.1 Location 
From section   6.8 it can be seen that the cheapest location for the proposed system is location 
two. This location was used for the calculations performed in the feasibility study program. As 
previously stated, location two is currently bushland. There is no pipework in the area and it is 
out of the view of Murdoch University students or the general public so no complications are 
anticipated. 
6.11.2 Energy Cost 
The cost of electricity and the cost of natural gas had a large effect on the payback period of 
the proposed system. The average electricity rate for Murdoch University between January 
2009 and September 2009 was 12.25c AUD/kWh. The average natural gas rate for this period 
was 13.49AUD/GJ. Using these values the proposed system would not have paid itself off over 
a 25 year life span. However, if natural gas price were to drop slightly or electricity price were 
to increase slightly the payback period would drop dramatically. Table   6.16 demonstrates the 
effect of varying the price of natural gas and electricity on the payback period. Prices were 
varied in steps of 10%. The reference case is shaded. 
Gas Price (AUD/GJ) 
Electricity Cost 
(AUD/kWh) 
Payback 
Period 
(year) 
14.5  0.195  3 
14.5  0.18  4 
14.5  0.165  6 
14.5  0.15  9 
13.05  0.15  6 
11.6  0.15  4 
10.15  0.15  4 
Table   6.16 - Energy Price vs Payback Period 
A 30% increase in the cost of electricity or a 30% decrease in the cost of gas from the values 
mentioned above would result in a quite reasonable pay pack period of 3 years.  
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6.11.3 Initial Cost 
The initial costs had a large effect on the system although this value can be determined with 
greater accuracy than the energy cost predictions. The initial costs were varied in increments of 
25%. The reference case is shaded. 
 
Initial Price 
Payback Period 
(year) 
 $  7,258,850.00   25 
 $  6,351,493.75   19 
 $  5,444,137.50   15 
 $  4,536,781.25   11 
 $  3,629,425.00   9 
 $  2,722,068.75   6 
 $  1,814,712.50   4 
 
6.11.4 Chilled Water Demand 
The chilled water demand had a relatively small effect on the payback period in comparison to 
the  parameters mentioned above. A capacity factor increase to 74% reduces  the payback 
period down by three years in comparison to the reference case. This capacity factor is 
extremely high. As previously stated, the chilled water demand is the least precise value in the 
report so this scenario should not be ruled out as impossible. Table   6.17 shows the effect of 
varying the chilled water demand on payback period. The chilled water demand was varied in 
increments of 20%. 
Chilled Water Demand 
(capacity factor) 
Payback Period 
(year) 
74%  6 
67%  7 
59%  7 
52%  7 
44%  8 
37%  9 
30%  9 
22%  10 
15%  11 
7%  12 
0%  13 
Table 6.17 - Chilled Water Demand vs. Payback Period  
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6.11.5 Heated Water Demand 
The heated water demand had a relatively small effect on the payback period in comparison to 
the cost of energy or the initial cost. An increase in demand to 35TJ per year brings the payback 
period down by four years in comparison to the reference case. A demand of 35TJ represents 
100% utilisation of waste heat. Table    6.18  shows the effect of varying the heated  water 
demand on payback period. The heated water demand was varied in increments of 50%. 
 
Heated Water Demand (TJ) 
Payback Period 
(year) 
35  5 
31.5  5 
28  6 
24.5  6 
21  6 
17.5  7 
14  7 
10.5  8 
7  9 
3.5  9 
0  10 
Table   6.18 - Heated Water Demand vs. Payback Period 
6.11.6 Carbon Trading Rate 
The carbon trading rate had the smallest effect on the payback period out of the varied 
parameters. An increase in price to 40AUD/ton CO2-e (which will be the limit put in place by the 
Australian Government (21)) brings the payback period down by two years in comparison to 
the reference case.  A decrease in price to 11.50 brings the payback period up by two 
years. Table   6.19 shows the effect of varying the carbon trading rate on payback period. The 
heated water demand was varied in increments of 25%. 
 
Carbon Trading rate( AUD/ton of CO2):  
Payback Period 
(year) 
40.25  7 
34.50  7 
28.75  8 
23.00  9 
17.25  10 
Table   6.19 - Carbon Trading Rate vs. Payback Period  
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7  Additional Considerations 
7.1  Sizing 
One of the main factors in deciding on component sizes for any cogeneration system is the 
demand for heat. If the proposed system could provide the entire space heating needs and 
domestic hot water for Saint John of God Hospital, less than one third of the waste heat output 
would be utilized. This shows that it is probably not worth investigating a larger genset. A 
greater percentage of the waste heat could be utilized if a smaller genset was investigated. The 
largest disadvantage to a smaller system is the increase in the ratio of capital costs to profit. 
This is caused predominantly by the long lengths of thin pipe. Investigation into a smaller 
system based on the waste heat needs may reveal a feasible configuration. 
7.2  Waste Heat  
The waste heat could be used as a preheated input for boilers. This option should be 
investigated since Murdoch University uses a large amount of natural gas for boilers. 
Contractors would be required to assess the costs involved in the complex additional pipework 
required to reach the boilers. The waste heat could also be used as a direct input to the air 
handling units at Murdoch for space heating. 
7.3  Geothermal Heat 
Geothermal heat could be used as a secondary input for an absorption chiller. Broad 
Absorption Cooling offer absorption chillers that can use exhaust gas and a heated water 
supply as fuel. This option would allow a much larger absorption chiller to be used. Additional 
chillers could also be used and connected in the same way so that additional gensets would not 
be required. If a different genset size was decided upon where the exhaust output did not 
match the chiller requirements, geothermal heat could be used to make up the difference. John 
King from Mechanical Services at The University of Western Australia stated that The University 
of Western Australia is currently investigating the use of geothermal heat to power absorption 
chillers. 
7.4  Ice Farm Upgrade 
The Wood and Grieves chiller report states that the ice farm at Murdoch University is far too 
small to be of substantial benefit in terms of harnessing off peak electricity rates. An upgrade  
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to the ice farm should be seriously considered although the investigation has not been carried 
out (11). This investigation is especially relevant if an absorption chiller is involved. An upgrade 
to the ice farm would increase the total hours of maximum output of the absorption chiller. 
Using the values stated in the detailed investigation, the electricity savings could be doubled. If 
the ice farm were large enough, one large absorption chiller with the aid of a conventional 
chiller that would be run during long summer heat waves could be used to provide cooling for 
the entire university. 
7.5  More Complex Setup 
The proposed system constantly runs at rated output. The chilled water demand and the waste 
heat demand fluctuate depending on the temperature. If a heat exchanger were installed at 
the exhaust output of the genset, the heated water could be used in the same way as the 
jacket water in the proposed system. The jacket water could also be used as input to the 
absorption chiller. This would allow a greater percentage of the waste heat to be utilized since 
peak times for the two loads occur at opposite times of the year. 
8  Concluding Remarks 
Most of the electrical load is consumed internally. This means most of the cost difference 
between the base system and the proposed system is based on electricity savings instead of 
the profit from exported electricity. The absorption chiller is almost exactly the correct size for 
the output of the engine and adds just 15% to the 6900kWr capacity at Murdoch. This low 
percentage gives the chiller a high capacity factor of 38%. In terms of harnessing electrical and 
chilled water loads, the proposed system is close to ideal. Finding methods in which to reduce 
the payback period could be done by investigating other aspects of the proposed system. 
 
The largest problem with the proposed system is that there is not a strong demand for waste 
heat. The costs associated with the pipework and installation of the pipework are very high in 
relation to the profit made from exporting the heat. As previously stated a total initial cost of 
350,000AUD is associated with the pipe line to Saint John of God Hospital. The annual profit 
from this pipeline is 81,200AUD. The large waste heat demand for space heating and domestic 
hot water could be utilized but changes to the entire space heating system at Murdoch would  
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be a large addition to initial costs.  Detailed investigation into this possibility is highly 
recommended. 
 
As discovered through the use of the feasibility study program, the payback period is highly 
dependent on the cost of energy over the lifetime of the proposed system. The economic crisis, 
possible introduction of the Carbon Pollution Reduction Scheme and other factors contribute 
to volatile predictions. The risk associated with the proposed system is therefore higher than it 
would be in more stable economic times. Detailed investigation into reliable energy predictions 
is recommended. Specifically, the relationship between the cost of electricity and the cost of 
natural gas would have great importance. 
 
The values for the equivalent electrical consumption of the absorption chiller are subject to a 
large margin of error. If this value were to be accurately determined, the level of accuracy of 
the study could be increased. As previously stated, this would require measurements over a 
large temperature range in order to approximate the demand for the entire year. It is 
recommended that these values be determined. The effect on the payback period is not as 
large as the effect caused by energy rate predictions or a large increase in waste heat demand 
so these aspects of the proposed system should be examined first. 
 
This project has provided MTUDDA with the necessary information to expand the feasibility 
study so that a detailed and certain outcome can be obtained. It has provided MTUDDA with a 
template on which to base future investigations. The project has also given a sense of 
perspective for the importance of the different aspects of the investigation. It is hoped that the 
feasibility analysis program will aide in future investigations and be used as a tool to quickly 
assess the feasibility of future projects. 
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Appendix A.  Additional Load Information 
The following is an extract from an excel sheet obtained from the Office of Commercial Services 
at Murdoch University. It shows the total energy usage and a breakdown of the costs for 
electricity rates paid by Murdoch University. 
 
Table   8.1 - Monthly Average Electrical Load Profile for Murdoch University 
South Street 2007 Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec
excess demand charge 3750 3700 15100 0 0 0 0 0 0 0 0 0
on peak energy charge 80871.6 91430.28 105388.7 83013.93 95599.38 83698.2 84048.5 96513.36 82950.5 92770.46 95531.67 70595.13
off peak energy charge 37670.11 39744.05 44825.29 39719.03 39571.87 39382.41 39292.15 41101.27 42226.9 40916.86 42845.23 40190.22
network charge 32088.46 28983.12 32088.46 31053.35 32088.46 31053.35 34483.63 34483.63 33371.26 34483.63 33371.26 34183.63
min charge adjustment 0 0 0 0 0 0 0 0 0 0 0 0
power factor charge 0 0 0 0 0 0 0 0 0 0 0 0
load control fee 18.11 16.36 18.11 17.53 18.11 17.53 18.11 18.11 17.53 18.11 17.53 18.11
total bill GST charge 15439.83 16387.39 19742.06 15380.38 16727.79 15415.15 15784.24 17211.64 15856.62 16818.91 17176.57 14528.7
TOTAL   169838.1 180261.2 217162.6 169184.2 184005.6 169566.6 173626.6 189328 174422.8 185008 188942.3 159515.8
relevant on peak charge rate/kWh 0.091687 0.091687 0.091687 0.091972 0.091972 0.091972 0.092114 0.092114 0.092114 0.093158 0.093158 0.093158
relevant off peak charge rate/kWh 0.045843 0.045843 0.045843 0.045986 0.045986 0.045986 0.046057 0.046057 0.046057 0.046579 0.046579 0.046579
on peak consumption kWh 882040 997200 1149440 902600 1039440 910040 912440 1047760 900520 995840 1025480 757800
off-peak consumption kWh 821720 866960 977800 863720 860520 856400 853120 892400 916840 878440 919840 862840
Total consumption kWh 1703760 1864160 2127240 1766320 1899960 1766440 1765560 1940160 1817360 1874280 1945320 1620640
South Street 2008 Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec
excess demand charge 0 16750 2800 0 0 0 0 0 0 0 0 0
on peak energy charge 95071.13 105672.4 96834.27 92483.76 93840.26 84819.48 93295.66 94115.18 93394.76 102403.6 83337.55 54985.31
On Peak Natural Power Underlying 0 0 0 0 0 0 0 0 0 0 0 9703.29
On Peak Natural Power Premium 0 0 0 0 0 0 0 0 0 0 0 6943.32
off peak energy charge 41707.54 44520.73 47661.48 40962.8 44395.52 41953.8 41585.35 47024.73 42354.37 44545.74 45939.61 42607.71
Off Peak Natural Power Underlying 0 0 0 0 0 0 0 0 0 0 0 7519.01
Off Peak Natural Power Premium 0 0 0 0 0 0 0 0 0 0 0 6833.16
min charge adjustment 0 0 0 0 0 0 0 0 0 0 0 0
Capacity Charge 0 0 0 0 0 0 0 0 0 0 0 58292.67
Network Charge 34483.63 32258.88 34483.63 33371.26 34483.63 33371.26 36581.49 36581.49 35401.44 37833.2 36612.77 36271.15
Supply Charge 0 0 0 0 0 0 0 0 0 0 0 1265.11
power factor charge 0 0 0 0 0 0 0 0 0 0 0 0
OTHER 0 0 0 0 0 0 0 0 0 4011.12 0 0
load control fee 18.11 16.94 18.11 17.53 18.11 17.53 18.11 18.11 17.53 18.11 17.53 18.11
SUBTOTAL (ex GST) 171280.4 199219 181797.5 166835.4 172737.5 160162.1 171480.6 177739.5 171168.1 188811.7 165907.5 224438.8
total bill GST charge 17128.03 19921.89 18179.75 16683.54 17273.75 16016.21 17148.07 17773.95 17116.81 18480.06 16590.75 22443.89
TOTAL   188408.4 219140.9 199977.2 183518.9 190011.3 176178.3 188628.7 195513.5 188284.9 207291.8 182498.2 246882.7
relevant on peak charge rate/kWh 0.093585 0.093585 0.093585 0.094202 0.094202 0.094202 0.095293 0.095293 0.095293 0.096527 0.096527 0.07558
relevant off peak charge rate/kWh 0.046793 0.046793 0.046793 0.047101 0.047101 0.047101 0.047647 0.047647 0.047647 0.048264 0.048264 0.05951
on peak consumption kWh 1015880 1129160 1034720 981760 996160 900400 979040 987640 980080 1060880 863360 857200
off-peak consumption kWh 891320 951440 1018560 869680 942560 890720 872780 986940 888920 922960 951840 843600
Total consumption kWh 1907200 2080600 2053280 1851440 1938720 1791120 1851820 1974580 1869000 1983840 1815200 1700800
Total $ per KWh (inc GST) 0.098788 0.105326 0.097394 0.099122 0.098009 0.098362 0.101861 0.099015 0.100741 0.10449 0.100539 0.145157
Total $ per KWh (ex GST) 0.089807 0.095751 0.08854 0.090111 0.089099 0.08942 0.092601 0.090014 0.091583 0.095175 0.091399 0.131961
South Street 2009 Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec
on peak energy charge 64820.71 70034.92 73120.88 67594.28 64719.41 65560.4 67767.81
On Peak Natural Power Underlying 11438.95 12359.1 12903.68 11928.4 11421.07 11569.48 11959.03
On Peak Natural Power Premium 8091.9 8742.82 9128.05 8463.53 8103.56 8208.86 8504.03
off peak energy charge 50325.05 50010.32 53380.45 47562.13 51003.67 45828.11 46337.01
Off Peak Natural Power Underlying 8880.89 8825.35 9420.08 8393.32 9000.65 8087.31 8177.12
Off Peak Natural Power Premium 7978.18 7928.28 8462.56 7562.81 8110.04 7287.08 7385.26
min charge adjustment 0 0 0 0 0 0 0
Capacity Charge 56509.61 56545.7 56581.72 56548.31 56544.84 56152.98 56289.04
Network Charge 36271.15 30347.34 33598.84 32515 33598.84 32515 36118.25
Supply Charge 1279.68 1155.84 1279.68 1234.8 1275.96 1234.8 1277.51
Excess Demand Charge 0 7250 0 0 0 0 0
load control fee 18.11 16.36 18.11 17.53 18.11 17.53 18.11
SUBTOTAL (ex GST) 245614.2 253216 257894.1 241820.1 243796.2 236461.6 243833.2 0 0 0 0 0
total bill GST charge 24561.44 25321.6 25789.42 24182 24379.62 23646.16 24383.31
TOTAL   270175.7 278537.6 283683.5 266002.1 268175.8 260107.7 268216.5 0 0 0 0 0
new on peak charge rate/kWh (PN1) 0.076336 0.076336 0.076336 0.076107 0.076107 0.076107 0.075939
New off peak charge rate/kWh (PN2) 0.06011 0.06011 0.06011 0.05993 0.05993 0.05993 0.05979
on peak consumption kWh 999000 1079360 1845928 1044880 1000440 1013440 1049880
off-peak consumption kWh 984960 978800 325752 933680 1001240 899640 911760
Total consumption kWh 1983960 2058160 2171680 1978560 2001680 1913080 1961640 0 0 0 0 0
Total $ per KWh (inc GST) 0.13618 0.135333 0.130629 0.134442 0.133975 0.135963 0.136731
Total $ per KWh (ex GST) 0.1238 0.12303 0.118753 0.12222 0.121796 0.123603 0.124301 
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The following is a graph of the hourly values of power consumption of Murdoch University 
between August 2008 and August 2009. This figure was taken from excel values obtained from 
Synergy. 
 
Figure   8.1 - Hourly Values of Electrical Consumption for Murdoch University  
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The following is an extract from an excel sheet obtained from the Office of Commercial Services 
at Murdoch University. It shows the total energy usage and a breakdown of the costs for 
natural gas rates paid by Murdoch University. 
 
Figure   8.2 - Monthly Average Natural Gas Load Profile for Murdoch University 
 
The calculations for the average rate that Murdoch University paid for electricity and natural 
gas are shown below. 
 
 
 
Sth St 2007 Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec TOTAL
Gas consumption charge 4813.77 4717.47 6140.79 6959.14 9477.56 10195.34 9365.47 10871.03 10005.6 9217.9 6593.43 5411.4
Overrun gas charge 0 0 0 0 0 0 0 0 0 0 0 0
Distribution standing charge 44.64 40.32 44.64 43.2 44.64 43.2 44.64 44.64 43.2 44.64 43.2 44.64
USDF charge 95.79 86.52 95.79 92.7 95.79 92.7 95.79 95.79 92.7 95.79 92.7 95.79
Distribution usage charge Tier 1 2058.09 1858.92 2058.09 1991.7 2058.09 1991.7 2058.09 2058.09 1991.7 2058.09 1991.7 2058.09 24232.35
Distribution usage charge Tier 2 1930.95 1761.42 1952.07 1889.1 1952.07 1889.1 1952.07 1952.07 1889.1 1952.07 1889.1 1937.81 22946.93
Distribution usage charge Tier 3 400.35 466.18 786.72 1053.61 1761.42 2005.72 1723.15 2165.23 1944.26 1642.13 915.32 543.66 15407.75
GST 934.37 893.08 1107.81 1202.94 1538.96 1621.77 1523.93 1718.68 1596.66 1501.06 1152.54 1009.14
TOTAL 10277.96 9823.91 12,185.91 13,232.39 16928.53 17839.53 16763.14 18905.53 17563.22 16,511.68 12677.99 11,100.53 173810.3
gas consumption GJ 1175.008 1151.502 1498.923 1692.109 2304.462 2478.989 2272.842 2638.216 2428.19 2205.872 1577.828 1,294.97 22718.91
gas consumption rate/GJ 4.0968 4.0968 4.0968 4.1127 4.1127 4.1127 4.1206 4.1206 4.1206 4.1788 4.1788 4.1788
(base gas consumption charge rate/GJ) 3.79 3.79 3.79 3.79 3.79 3.79 3.79 3.79 3.79 3.79 3.79 3.79
(base overrun gas charge rate/GJ) 2.35 2.35 2.35 2.35 2.35 2.35 2.35 2.35 2.35 2.35 2.35 2.35
Sth St 2008 Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec TOTAL
Gas consumption charge 4692.62 4922.09 6191.75 7074.76 9088.71 10405.07 22871.22 22489.05 19427.73 16352.31 14240.57 9601.21
Gas Supply Charge 0 0 0 0 0 0 3143.09 3143.09 3041.7 3189.6 3086.71 3189.6
Overrun gas charge 0 0 0 0 0 0 1297.43 1089.91 360.37 62.7 0 0
Distribution standing charge 44.64 41.76 44.64 43.2 44.64 43.2 44.64 44.64 43.2 44.64 43.2 44.64
USDF charge 95.79 89.61 95.79 92.7 95.79 92.7 95.79 95.79 92.7 95.79 92.7 95.79
Distribution usage charge Tier 1 2058.09 1925.31 2058.09 1991.7 2058.09 1991.7 2058.09 2058.09 1991.7 2058.09 1991.7 2058.09
Distribution usage charge Tier 2 1944.65 1822.26 1952.07 1889.1 1952.07 1889.1 1952.07 1952.07 1889.1 1952.07 1889.1 1943.67
Distribution usage charge Tier 3 326.07 457.45 755.72 1026.54 1568.59 1977.63 2327.45 2271.43 1855.53 1336.37 1064.29 362.87
SUBTOTAL 9161.86 9258.48 11098.06 12118 14807.89 16399.4 33789.78 33144.07 28702.03 25091.57 22408.27 17295.87
GST 916.19 925.86 1109.81 1211.8 1480.79 1639.94 3378.98 3314.41 2870.2 2509.16 2240.83 1729.59
TOTAL 10078.05 10184.34 12207.87 13329.8 16288.68 18039.34 37168.76 36458.48 31572.23 27600.73 24649.1 19025.46 256602.8
gas consumption GJ 1116.599 1171.201 1473.314 1669.758 2145.081 2455.763 2772.269 2725.946 2354.876 1953.191 1700.956 1146.81 22685.76
gas consumption rate/GJ 4.2026 4.2026 4.2026 4.237 4.237 4.237 8.25 8.25 8.25 8.3721 8.3721 8.3721
(base gas consumption charge rate/GJ) 3.79 3.79 3.79 3.79 3.79 3.79 8.25 8.25 8.25 8.25 8.25 8.25
(base overrun gas charge rate/GJ) 2.35 2.35 2.35 2.35 2.35 2.35 9.3 9.3 9.3 9.3 9.3 9.3
Overall $/GJ (ex GST) 8.205148 7.905116 7.532719 7.257339 6.903185 6.677925 12.18849 12.15874 12.18834 12.84645 13.17393 15.08172 0
Sth St 2009 Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec TOTAL
Gas consumption charge 9387.89 11263.96 15206.14 16267.11 18985.65 24460.45
Gas Supply Charge 3226.41 2914.18 3226.41 3112.96 3216.73 3112.96
Overrun gas charge 0 0 0 37.22 176.87 3077.06
Distribution standing charge 47.12 42.56 47.12 45.6 47.12 45.6
USDF charge 95.79 86.52 153.76 148.8 153.76 0
Distribution usage charge Tier 1 2075.14 1874.32 2075.14 2009.7 2076.69 2009.7
Distribution usage charge Tier 2 1919.46 1763.16 1952.07 1890.3 1953.31 1890.3
Distribution usage charge Tier 3 322.94 681.79 1145.64 1336.68 1693.16 2510.91
SUBTOTAL 17074.75 18626.49 23806.28 24848.37 28303.29 37106.98 0 0 0 0 0 0 0
GST 1707.47 1862.66 2380.62 2484.84 2830.34 3710.71
TOTAL  18782.22 20489.15 26186.9 27333.21 31133.63 40817.69 0 0 0 0 0 0 164742.8
gas consumption GJ 1108.54 1330.07 1795.569 1926.629 2248.605 2897.025 11306.44
gas consumption rate/GJ 8.4687 8.4687 8.4687 8.4433 8.4433 8.4433
(base gas consumption charge rate/GJ) 8.25 8.25 8.25 8.25 8.25 8.25
Base gas supply charge rate/day 101.39 101.39 101.39 101.39 101.39 101.39
(base overrun gas charge rate/GJ) 9.3 9.3 9.3 9.3 9.3 9.3
Overall $/GJ (ex GST) 15.40292 14.00414 13.25835 12.89733 12.58704 12.80865 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!
South Street 2009 Jan Feb Mar Apr May Jun
Total $ per KWh electricity (ex GST) 0.1238 0.12303 0.118753 0.12222 0.121796 0.123603
Average (AUD/kWh)
South Street 2009 Jan Feb Mar Apr May Jun
Total $ per GJ natural gas (ex GST) 15.40292 14.00414 13.25835 12.89733 12.58704 12.80865
Average (AUD/GJ)
0.12220
13.49307 
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The following figure shows the gas usage for many small entities at Murdoch. These values 
were deducted from the total gas consumption at Murdoch so that an estimate for the gas 
consumption of the boilers could be made. 
 
 
Appendix B.  Absorption Chiller Calculations 
A diversity factor for a chilled water system is a measure of the maximum chilled water supply 
to the total demand. The diversity factor for the chilled water demand at Murdoch University 
at the beginning of 2010 is shown below. A diversity factor of 0.8 is considered ideal.  The first 
calculation is used in the initial investigation and the second calculation is used in the detailed 
investigation. 
 
 
 
Total Gas usage (M³)
Area january february march april may june july august september october november december
Main Meter 50763 4237 14170 385830 50728 50589 55504 53170 58731 - - -
Walters Café - 10 15 12 16 5 1 21 19 - - -
Loneragen Building 4449 5603 6836 7840 10910 13945 16890 14790 16876 - - -
Tavern 140 136 149 - 355 180 185 198 212 - - -
Refectory Kitchen 522 930 1224 2376 1525 1587 2131 2053 3131 - - -
Student Village 1986 3906 5964 7337 9623 6992 6202 10319 10931 - - -
ITA Centre 16 - - 27 32 40 23 35 36 - - -
Rugby Club 172 154 169 173 183 155 155 154 156 - - -
Pressure Factor 1.05428
HHV 39
Total Gas usage (GJ)
Area january february march april may june july august september october november december
Main Meter 2087.22 174.21 582.63 15864.14 2085.78 2080.06 2282.15 2186.19 2414.84 - - -
Walters Café - 0.41 0.62 0.49 0.66 0.21 0.04 0.86 0.78 - - -
Loneragen Building 182.93 230.38 281.08 322.36 448.59 573.38 694.46 608.12 693.89 - - -
Tavern 5.76 5.59 6.13 - 14.60 7.40 7.61 8.14 8.72 - - -
Refectory Kitchen 21.46 38.24 50.33 97.69 62.70 65.25 87.62 84.41 128.74 - - -
Student Village 81.66 160.60 245.22 301.67 395.67 287.49 255.01 424.29 449.45 - - -
ITA Centre 0.66 - - 1.11 1.32 1.64 0.95 1.44 1.48 - - -
Rugby Club 7.07 6.33 6.95 7.11 7.52 6.37 6.37 6.33 6.41 - - -
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The maximum power required to run the chillers at Murdoch University was calculated as 
follows: 
 
 
The equivalent electrical input of a conventional centrifugal liquid cooled electrical chiller with 
the same output as the proposed absorption chiller is shown below. The value of 1700kWr 
relates to the proposed absorption chiller output in the initial investigation and the 1745kWr 
relates to the output of the Broad chiller used in the detailed investigation.  
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Appendix C.  Equivalent Electrical Load of Chiller Calculations 
 
The following calculations are performed once for each hour of the year. The maximum and 
minimum load over each 24 hour period is noted. A comparison is made between the hourly 
electrical load and the maximum and minimum load. This scales the load so that its maximum 
value over 1 day is 1 and minimum value is 0. The 24 values for each day are then multiplied by 
the rated equivalent electrical load of the absorption chiller. 
 
Maximum Daily Electrical Load (kWe)    PMAX 
Minimum Daily Electrical Load (kWe)    PMIN 
Hourly Value for Electrical Load (kWe)    P 
Equivalent Electrical load of Chiller (kWe)  Pchiller = 248 
Scaled Load (kWe)        L 
 
 
 
These calculations yield a new set of values in which the chiller would be run at rated output 
for 1 hour of the day for every day of the year. A relationship between conventional chiller  
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power requirement and ambient temperature is used to scale these values. The reference 
temperature is the temperature at which the chiller would run for 1 hour of the day to provide 
cooling capacity for Murdoch. This value was estimated at 25 degrees. The value could be 
measured or tested at Murdoch to determine an accurate value. The lower temperature is the 
highest temperature in which chillers would not be run at Murdoch. The value was estimated 
at 17 degrees. This value could also be measured or tested at Murdoch. 
Appendix D.  Component Sizing Calculations 
 
Pipe Sizing 
 
The relationship between internal pipe diameter (mm), flow rate and pressure drop for type A 
or type B copper pipes is shown in Figure   8.3 (24). PVC pipe is used for a majority of the 
pipework however the frictional losses for PVC are slightly lower than the losses in type B 
copper. The chart in Figure   8.3 is a cautious approximation of the losses in the PVC pipes that 
would be used. This relationship was used for the heated water pipe sizing the chilled water 
pipe sizing and the waste heat water pump sizing. 
 
Figure   8.3 - Flow Rate and Pressure Drop Relationship   
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Chilled Water Pipes 
 
Parameters (Values were taken from a Broad Chiller Catalogue (15)): 
Flow rate through absorption chiller (m
3/h):      214 
  in (L/s):             59 
Pressure drop through absorption chiller (kPa):      40 
Inlet temperatures at absorption chiller (°C):      10-14 
Outlet temperatures at absorption chiller (°C):      5-7 
Maximum water pressure at inlet of absorption chiller (kPa):  800 
 
At a velocity of 3.5m/s with a flow rate of 59L/s, a pipe with an internal diameter of 150mm will 
give a pressure drop of 400Pa/m. This pressure drop is reasonably high, 250mm ID pipes have 
been selected. This is the same size as the main chilled water pipework at Murdoch University.  
Waste Heat Pipes 
Parameters for total genset output: 
Heat output from water jacket (kW):    1155 
Maximum difference in temperature (°C):  12 
Energy content for saturated water at 90°C:  4.208kJ/kg K 
Flow rate (L/s):         U 
 
 
Flow rate (L/s):         22.9 
From Figure   8.3 it can be seen that a type A or type B copper pipe with a flow rate of 22.9L/s 
corresponds with an internal diameter of 150mm and a flow rate of 1.4m/s. These values 
should be accurate enough for the purpose of this study even though the pipe material is 
different. 
 
Using the maximum likely demand at Saint John of God Hospital and allowing for a 20% 
increase in demand the following pipe size calculations were performed. 
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Parameters for space heating at Saint John of God Hospital: 
Required Heat output from water jacket (kW):  P 
 
 
 
Required Heat output from water jacket (kW):  445 
Maximum difference in temperature (°C):  12 
Energy content for saturated water at 90°C:  4.208kJ/kg K 
Flow rate (L/s):         U 
 
 
Flow rate (L/s):         8.8 
From Figure   8.3 it can be seen that a type A or type B copper pipe with a flow rate of 8.8L/s 
corresponds with an internal diameter of 95mm and a flow rate of 1.4m/s. These values should 
be accurate enough for the purpose of this study even though the pipe material is different. 
Waste Heat Pumps & Motors 
Parameters: 
Flow rate 1 (L/s):        22.9 
Pipe internal diameter 1 (mm):      150 
 
The pressure drop from friction in the pipe was calculated from Figure   8.3 as 90Pa per meter. 
Poh Meng Yeo from MTUDDA stated that the pressure loss from the engine cooling system of 
the chosen genset should be used as the pressure loss from the plate heat exchanger. From the 
genset specifications sheet (17), the pressure loss of 2.4 bar (240kPa) was used. Only the 
150mm pipe size was calculated because the cost of the pump is fairly minor in comparison to 
some of the other costs. The TDH for the waste heat pipe is shown in Table   8.2.  
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Table   8.2 - Pipe Pressure Loss Calculations 
The parameters in Table    8.2  were given to Doug Brown. As stated in section   5.4.5, the 
AQUMP65-20-S10-30002BP  was chosen. The relationship between electrical power 
requirement and flow rate is shown in Figure   8.4. 
 
Figure   8.4 - Waste Water Pump Power Requirement 
The AQUMP65-20-S10-30002BP corresponds to the 214 line. Therefore the power requirement 
for the pump is 21kW using a flow rate of 22.9L/s. 
Cables 
The results of these calculations are shown in Table   8.3. 
 
Location 1          
Length 
(m) 
Voltage 
(V) 
Power 
(kVA) 
Minimum Cable Size from 
Current Carrying Capacity 
(mm²) 
Minimum Cable Size from 
Maximum Voltage Drop  
(mm²) 
10  11000  2145  <1  25 (Cu) or 35 (Al) 
50  22000  2145  <1  6 (Cu) 
          Location 2          
Length 
(m) 
Voltage 
(V) 
Power 
(kVA) 
Minimum Cable Size from 
Current Carrying Capacity 
(mm²) 
Minimum Cable Size from 
Maximum Voltage Drop  
(mm²) 
10  11000  2145  <1  25 (Cu) or 35 (Al) 
10  22000  2145  <1  10 (Cu) or 16 (Al) 
     
 
 
 
 
Pipe Information Equivalent Lengths (m) of Pipe for...
Flow Rate L/s
Internal Pipe 
Diameter (mm) 90° Corners 45° Corners Gate Valves
Friction Loss from Pipe 
(Pa/m)
Pressure Loss from 
Heat Exchanger (Pa)
23 150 0.762 0.42672 0.3048 90 240000
Number of... Total Pressure Calculations
Location Pipe Length (m)90° Corners 45° Corners Valves Equivalent Pipe Length (m) Loss from Pipe (Pa) Total Loss (Pa) TDH (m H20)
1 1100 12 2 2 1111 99955 579955 59.13
2 500 10 0 2 508 45741 525741 53.60
3 1000 10 0 2 1008 90741 570741 58.19 
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Location 3          
Length 
(m) 
Voltage 
(V) 
Power 
(kVA) 
Minimum Cable Size from 
Current Carrying Capacity 
(mm²) 
Minimum Cable Size from 
Maximum Voltage Drop  
(mm²) 
20  11000  2145  <1  25 (Cu) or 35 (Al) 
Table   8.3 - Minimum Conductor Size Calculations 
Natural Gas Pipes 
The gas pipe size was calculated using the Spitzglass formula. 
Parameters: 
Gas density at normal conditions (kg/m
3):  0.81673
 
Minimum pressure at inlet (mbar):    180  
in (WC):         72 
Pipe length at location 1 (m):      200 
  in (f):          656 
Pipe length at location 2 and 3 (m):    20 
  in (f):          65.6 
Power input (kW):        5139 
   In (GJ/h):        18.5 
Heating Value for natural gas in WA (MJ/m
3):  35.223
 
Minimum gas flow rate (m
3/h):      V  
  in (cfh):         35.315V 
Inner diameter of the pipe (in):      d 
 
 
 
Minimum gas flow rate (cfh):      18548 
 
For the location 1 pipe: 
 
 
 
For the location 2 or 3 pipe: 
 
 
 
The inner diameter of the gas supply pipe should be at least 85mm (3.35 inches) if the gas 
engine is placed at location 1 or 56mm (2.22 inches) if placed at location 2 or 3.  
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Genset & Absorption Chiller 
The exhaust output from the gas engine and input exhaust required for the absorption chiller 
are shown in Table   8.4 - Exhaust RequirementsThe values for the exhaust of the gas engine 
were matched as closely as possible to the chiller input parameters. 
MTU AE 20V4000L63  
Exhaust Output  1204kWth 
ΔT for Power Output  459°C-120°C 
Flow rate (moist)  11399kg/h 
Flow rate (moist 0°C 1013mbar)  8948m³/h 
    Broad BE150 
Exhaust Input Flowrate  11554kg/h 
ΔT from Exhaust  500°C-160°C 
Table   8.4 - Exhaust Requirements 
The energy output of the genset is 1.6% lower than the rated energy requirement of the chiller. 
This difference was neglected for derating the output of the chiller so the rated value was used. 
Appendix E.  Noise Restriction Calculations 
 
An online calculation tool (20)  was used to obtain estimates for the requirements of the 
acoustic attenuated room. Table   8.5 shows the output of one of the calculations. Several other 
calculations were performed in a similar manner to determine the maximum permissible noise 
level 1 meter from the outside of the acoustic attenuated room. 
Octave band 
centre frequency 
(Hz) 
Sound 
Pressure 
Level (dB) 
Sound 
Power 
Level (dB) 
Attenuation 
at 700m 
(dB) 
Atmospheric 
Absorption 
(dB) 
Immission Sound 
Pressure Level 
(dB) 
  31.5  65.1  73.1  64.9  0  8.2 
    63  78.8  86.8  64.9  0  21.9 
   125  96  104  64.9  0  39.1 
   250  85.1  93.1  64.9  0.7  27.5 
   500  91.2  99.2  64.9  1.4  32.9 
    1k  90.9  98.9  64.9  2.1  31.9 
    2k  86.3  94.3  64.9  4.9  24.5  
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    4k  81.6  89.6  64.9  13.3  11.4 
    8k  83.3  91.3  64.9  32.2  0 
Overall (weighted)  102.6 
   
35 
Table   8.5 - Online Sound Analysis Tool Output 
Appendix F.  Back of the Envelope Calculations 
Ongoing Costs and Earnings: 
Gas cost (AUD/GJ):          $12.90 
Electricity cost (AUD/kWh):        13.6c 
Engine maintenance cost (AUD/kWh):      1.2c 
Waste heat selling rate estimate (AUD/GJ):    $10.00 
 
Load information: 
Saint John of God Hospital heated water load (TJ/year):  4.7 
Saint John of God Hospital total gas load (TJ/year):  26 
Murdoch University electrical load (GWh/year):   23.3 
Chiller peak usage hours per year (hours):    4161 
Murdoch University estimated chilled water load (GWh):1.7 
 
 
System Parameters: 
Electrical output of engine (kW):      2000  
Power required from gas at rated output (kW):    5000 
Chiller output (kWr):          1700 
Waste heat output (kW):        1000 
Availability (%):           95 
 
Sum of Initial Costs (AUD):        $5,000,000.00 
 
Efficiency of conventional electrical chiller (kW/kWr):  0.14221 
 
Annual electricity cost: 
 
Annual base case electricity cost (AUD):     $3,168,800.00 
 
Annual additional gas cost: 
 
Additional gas cost (AUD):        $1,932,400.00 
 
Maintenance: 
 
Maintenance (AUD):          $199,730.00 
 
Internal Electrical Savings: 
 
Internal electrical savings (AUD):      $2,263,600.00  
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Electricity from chiller: 
 
Electricity from chiller (AUD):        $129,970.00 
 
Sold waste heat (for just hot water): 
 
Sold waste heat (AUD):            $44,650.00 
 
Sold waste heat (for total gas needs at Saint John of God Hospital): 
 
Sold waste heat - (AUD):          $218,500.00 
 
Total annual costs for base case:        $3,168,800.00 
 
Total annual costs for proposed system using hot water waste heat demand: 
 
Total annual costs for proposed system (AUD):      $2,862,700.00 
 
Total annual costs for proposed system using total waste heat demand: 
 
Total annual costs for proposed system (AUD):      $2,688,900.00 
 
Appendix G.  Feasibility Study Program Calculations 
 
The following calculations are identical to the main calculations performed in the feasibility 
analysis program. Because of the way in which excel is structured (over many tabs and using 
many references to cells on other tabs) it is impractical to display the actual code. The point of 
profitability was used to determine part of the layout of the program. The specific code used 
for the estimated chiller output is also shown. 
Point of Profitability 
The point of profitability is used to determine whether the engine should be turned off at 
certain times of the day because of low load. For instance, during the middle of the night over 
the summer holidays the engine may be exporting most of its power to the grid and there may 
be no waste heat or chilled water demand. At a time like this, the natural gas cost may be 
greater than the profit and cost savings at Murdoch. The engine should not be turned on and 
off in quick succession because of increased wear due to temperature fluctuation. 
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If the electrical load at Murdoch University is lower than 1947kW and there is no demand for 
waste heat or chilled water at that time, the engine is running at a loss. Hours in which the load 
was below this value were found using the hourly load profile for Murdoch University found 
in   Appendix A. Hours were only counted after the 4
th consecutive hour of a load below this 
limit. This was done assuming a control system that turns the engine off after 4 hours of low 
load. This limit may be low but this is compensated for because the actual system could have a 
much more intelligent method of determining the likelihood of an unprofitable situation. Over 
one year, there are 307 hours which fall into this load category. Most of them are over the 
summer holidays. There may be a high enough demand for waste heat or chilled water over 
some of these hours to make the system profitable during these times. This indicates that it 
may be more economical to turn the engine off during times of low load. Since the total 
amount of hours per year that this situation would occur is very low (307 hours equals 3.5% of 
the year), this efficiency measure was neglected in the feasibility study. The  result of this 
assumption is a more conservative estimate. 
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Representation of Microsoft Excel Calculations 
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Code for Chiller Electrical Consumption Estimate 
Definitions: 
•  Load - the hourly value of electrical load 
•  minload - the minimum hourly value of electrical load for that day 
•  maxload - the maximum hourly value of electrical load for that day 
•  chilout - the rating of the proposed chiller in kWr 
•  chilcov - the efficiency of the equivalent electrical chiller in kWe per refrigeration ton 
•  avail - the availability 
•  temp - the maximum daily temperature 
•  reftemp - the temperature at which the proposed chiller would run for 1 hour to provide 
enough   capacity for the entire university 
•  lowtemp - the highest temperature in which chillers would not be used 
•  powertempel - the coefficient in the quadratic (approximated) relationship between 
equivalent chiller capacity and temperature 
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Function chillereq(load, minload, maxload, chilout, chilconv, avail, temp, reftemp, 
lowtemp, powertemprel) 
 
    If temp < reftemp Then 
    scaler = temp / (reftemp - lowtemp) + lowtemp / (lowtemp - reftemp) 
    Else 
    scaler = temp ^ 2 * powertemprel - reftemp ^ 2 * powertemprel + 1 
    End If 
 
a = (load - minload) * chilout * chilconv / 3.516 * (scaler) / (maxload - minload) 
b = chilout * chilconv / 3.516 
 
    If WorksheetFunction.RandBetween(1, 100) > (avail * 100) Or temp < lowtemp Then 
    chillereq = 0 
    Else 
        If a > b Then 
        chillereq = b 
        Else 
        chillereq = a 
        End If 
    End If 
 
End Function 
 